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Abstract. The complex nature of the nuclear forces generates a broad range and
diversity of observational phenomena. Heavy nuclei, though orders of magnitude less
massive than neutron stars, are governed by the same underlying physics, which is
enshrined in the nuclear equation of state. Heavy nuclei are expected to develop a
neutron-rich skin where many neutrons collect near the surface. Such a skin thickness
is strongly sensitive to the poorly-known density dependence of the symmetry energy
near saturation density. An accurate and model-independent determination of the
neutron-skin thickness of heavy nuclei would provide a significant first constraint on
the density dependence of the nuclear symmetry energy.
The determination of the neutron-skin thickness of heavy nuclei has far reaching
consequences in many areas of physics as diverse as heavy-ion collisions, polarized
electron and proton scattering off nuclei, precision tests of the standard model using
atomic parity violation, and nuclear astrophysics.
While a systematic and concerted experimental effort has been made to measure the
neutron-skin thickness of heavy nuclei, a precise and model-independent determination
remains elusive. The measurement of parity-violating asymmetries provides a clean
and model-independent determination of the weak form factor of the nucleus which
is dominated by the neutron distribution. However, measuring parity-violating
asymmetries of the order of a part per million is both challenging and time-consuming.
Alternative observables sensitive to the symmetry energy have been proposed and
measured succesfully in recent experimental campaigns. These data are valuable, but
interpretations contain implicit model dependence that hinder the clean determination
of the neutron-skin thickness. How to move forward at a time when many new facilities
are being commissioned and how to strengthen the synergy with other areas of physics
are primary goals of this review.
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1. Overture
The scope and challenges of nuclear science have nowadays considerably broadened. In
addition to exploring the basic structural properties of nuclei, nuclear physics provides
crucial information on many fundamental questions in other fields of physics. The
complex nature of the nuclear force generates a broad array and diversity of phenomena
that range from the emergence of simple patterns in atomic nuclei to the exotic structure
of neutron stars. In particular, spanning many orders of magnitude in density, neutron
stars are among the most fascinating astrophysical objects in the Universe. As such,
neutron stars are ideal astrophysical laboratories for testing theories of dense matter
and for providing critical connections between nuclear physics, particle physics, and
astrophysics. The basic physics underlying the dynamics of both neutron-rich nuclei
and neutron stars is the Equation Of State (EOS) of neutron-rich matter. A key
component of the EOS is the symmetry energy which quantifies modifications to the
energy per nucleon associated with changes in the neutron-proton asymmetry. Despite
many efforts, our knowledge of the density dependence of the symmetry energy is still
very limited (for more extensive reviews on this fascinating topic see for example [1], [2],
[3] and references contained therein). In the thermodynamic limit and by neglecting the
long-range Coulomb interaction, the energy per nucleon at saturation density is given
entirely in terms of volume and symmetry contribution. Changes to the energy per
nucleon with density are encoded in the pressure. Hence, the density dependence of
the symmetry energy is related to the pressure exerted by the excess neutrons. That
is, whether pushing against surface tension in a nucleus or against gravity in a neutron
star, it is the symmetry energy—albeit at different densities—that controls both. Thus,
information on the density dependence of the symmetry energy can be gained by the
determination of either the neutron-rich skin of heavy nuclei or the radii of neutron
stars. Even stronger constraints can be imposed by combining the results from both
measurements.
Given the considerable attention that the determination of neutron-skin thickness
has attracted over the last years, various techniques have been perfected to extract
this critical observable. These range from hadronic scattering experiments, coherent
pion photoproduction, measurements of electric dipole polarizabilities and pygmy
dipole resonances, among others. These experimental efforts are valuable, yet the
determination of neutron skin is plagued by considerable model dependencies and
uncontrolled approximations. As new opportunities emerge to measure the neutron
skin of a variety of nuclei at state-of-the-art facilities such as Jefferson Laboratory, the
Mainzer Mikrotron (MAMI) and the future Mainz Energy-recovery Superconducting
Accelerator (MESA), the Facility for Antiproton and Ion Research (FAIR), and the
Facility for Rare Isotope Beams (FRIB), it becomes imperative to understand the
strengths and limitations of the various experimental approaches. Moreover, the
first direct detection of gravitational waves from the coalescence of a binary neutron
star system on August 17, 2017 (GW170817) by the LIGO (Laser Interferometer
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Gravitational-Wave Observatory) -Virgo collaboration [4] has opened a new window into
the study of neutron-rich matter under extreme conditions. Indeed, critical features of
the EOS are imprinted in the tidal deformability (or polarizability), a property that
describes the tendency of the neutron star to develop a mass quadrupole moment in
response to the tidal field of its companion. The prospects of future detections of binary
neutron star mergers in the brand new era of multimessenger astronomy, combined
with laboratory experiments aimed to measure the neutron-skin thickness of a variety
of nuclei with unprecedented precision, provides a clear path to pin down the EOS of
neutron-rich matter.
To examine the sensitivity of the various experimental techniques to the neutron skin and
to identify the challenges faced in extracting the neutron skin from the corresponding
experimental observable, a scientific program on Neutron Skins of Nuclei was organized
at the Mainz Institute for Theoretical Physics in 2016 [5]. The program gathered the
main stakeholders interested in the determination of the neutron skin of nuclei and
their impact on the density dependence of the symmetry energy. The program brought
together both theorists and experimentalists working on a variety of areas connected
to the main theme of the program, such as electron scattering, atomic parity violation,
hadronic reactions, and gravitational-wave astronomy (even before GW170817). The
primary goal of the program was to establish quantitatively the strengths and limitations
of the various experimental techniques through a detailed analysis of systematic errors.
Moreover, given that in most instances theory must be used to connect the measured
experimental observable to the neutron skin, it was also essential to quantify the
statistical and systematic errors associated with the given theoretical framework. It
was enormously gratifying to see most of the participants adhere to these guidelines
and to engage in open and frank discussions on the weaknesses of their approach. As a
consequence of these sincere discussions, a path forward was carved for the design of a
suite of experiments that will provide meaningful constraints on the density dependence
of the symmetry energy. This topical review represents the testimony of such a successful
program. The review aims at documenting the relative merits of each experimental
approach and to provide a realistic estimate of systematic errors, including theoretical
uncertainties associated with the extraction of the neutron skin from the measured
experimental observable.
The manuscript has been organized as follows. Sections 2 and 3 introduce the basic
concepts related to the neutron-skin thickness and its strong connection to the density
dependence of the symmetry energy. Section 4 gives an overview of the many current
theoretical and experimental efforts to determine the neutron-skin thickness. In Section
5 we present the astrophysical connection to neutron stars and outline some future
prospects before we summarize in Section 6.
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2. Neutron Skin: a primer
The charge distribution of atomic nuclei, carried primarily by the protons, has been
mapped with striking accuracy across the nuclear chart [6, 7]. Starting with the
pioneering work of Hofstadter in the late 1950’s [8] and continuing to this day, elastic
electron scattering has painted the most compelling picture of the atomic nucleus. Our
knowledge of some of the most fundamental properties, such as its size, surface thickness,
saturation density, and shell structure originates largely from these studies. Moreover,
the level of precision attained is remarkable. Indeed, the mean-square charge radius of
208Pb is known to better than 0.02%, i.e., Rch =5.5012(13) fm [7]. In contrast, probing
neutron densities has traditionally relied on hadronic experiments that are hindered
by large and uncontrolled uncertainties associated with the reaction mechanism and
hadronic distortions, among others.
For symmetric (N = Z) nuclei it is expected that the proton and neutron density
distributions have similar shapes, which are customarily parametrized in terms of two-
parameter Fermi functions:
ρ(r) =
ρo
[1 + exp(r − a)/c] (1)
with half-height radius c and diffuseness a. In heavy or unstable neutron-rich nuclei
(NZ) the excess neutrons are pushed out against surface tension forming a neutron
skin, which is defined as the difference between the neutron and proton root-mean-square
radii
Rskin = Rn −Rp. (2)
Therefore, neutron-rich nuclei are expected to develop a neutron skin that is
characterized by a half-height radius for the neutron distribution that is larger than
the corresponding radius of the proton distribution, but with a similar diffuseness
parameter. Experimental hints on the appearance of a neutron skin in neutron-rich
nuclei may already be found in the rate of increase of rms charge radii for medium mass
and heavy elements (including radioisotopes) obtained from optical isotope shifts [7].
For extremely neutron-rich nuclei the tail of the neutron density extends considerably
further out, giving rise to “halo” structures [9]. This exotic structure, resulting from the
very weak neutron binding near the neutron drip-line, was first observed experimentally
for 11Li [10], and while the definition of a halo nucleus is still being debated, extensive
experimental programs at radioactive ion-beam facilities are being pursued. Fig. 1 serves
as a schematic illustration of the three possible scenarios. Here we focus exclusively on
the neutron skin of neutron-rich nuclei in which all neutrons are relatively strongly
bound.
Knowledge of neutron distributions provides critical inputs to a wide range of problems
in physics. Besides its intrinsic appeal as a fundamental nuclear-structure observable—
primarily because it informs the isovector sector of the nuclear force—the neutron
distribution of a heavy nucleus has deep connections with the structure of neutron
stars, despite a difference in size of 18 orders of magnitude [11, 12]. Perhaps the
Neutron skins of atomic nuclei: per aspera ad astra 5
Figure 1. Schematic representation of charge and neutron density distributions. Left:
Symmetric nuclear matter (N =Z) where cn ∼= cp and an ∼= ap. Middle: Asymmetric
nuclear matter (NZ) having a neutron skin: cn>cp and an∼=ap. Right: Asymmetric
nuclear matter (NZ) with a halo-type structure: cn>cp and an>ap.
most illuminating way of illustrating such powerful connection is by addressing the
following question: Where do the excess neutrons in nuclei go? For a symmetric
(N =Z) nucleus such as 40Ca, surface tension favors the formation of a spherical drop
of uniform equilibrium density. Because of the Coulomb repulsion between the protons,
40Ca develops a negative, albeit very small, neutron skin. However, for larger systems
the Coulomb repulsion is more than compensated by the symmetry energy, resulting in
the emergence of a neutron skin. However, it is unclear whether the excess neutrons, for
example 44 in the case of 208Pb, should reside in the nuclear surface or in the core [1].
Placing them in the core is favored by surface tension but disfavored by the symmetry
energy, which is larger in the dense core than in the dilute surface. On the other hand,
pushing the excess neutrons to the surface increases the surface tension but reduces
the symmetry energy. Consequently, the neutron-rich skin of a heavy nucleus emerges
from a delicate competition between the surface tension and the difference between
the symmetry energy at the core relative to that at the surface. Such difference is
encapsulated in L, the slope of the symmetry energy at saturation density. For a stiff
symmetry energy, namely, one with a large value of L, it is energetically favorable to
push the excess neutrons to the surface where the symmetry energy is significantly lower
than in the core. Thus, a stiff symmetry energy generates a thick neutron skin. Given
that L is directly proportional to the pressure of pure neutron matter at saturation
density, it also impacts the size of a neutron star. Neutron stars are collapsed stellar
objects that are formed in supernova explosions. With masses comparable to that of
our Sun but radii of only 10-15 km, neutron stars contain the most dense form of matter
in the universe. The structure of a neutron star can be calculated from the Tolman-
Oppenheimer-Volkoff equations, which represent the generalization of Newtonian gravity
to the domain of General Relativity [13]. Notably, the only input required to compute
the structure of a neutron star is the EOS of neutron-rich matter in chemical (“beta”)
equilibrium. Whereas the stellar mass depends on the EOS at the highest densities found
in the star, the radius is sensitive to properties of the EOS in the immediate vicinity of
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nuclear matter saturation density [14]. Thus, despite a breathtaking difference in size
of 18 orders of magnitude, both the neutron-skin thickness of 208Pb and the radius of
a neutron star are dominated by the pressure of neutron-rich matter around saturation
density. Thus, L is strongly correlated to both the thickness of the neutron skin in
208Pb [15, 16, 17, 18] and the radius of a neutron star [11, 12, 19, 20, 21].
3. The Density Dependence of the Symmetry Energy of the Nuclear
Equation Of State
Nuclear saturation, the existence of an equilibrium density, is one of the most
fundamental manifestations of the complex nuclear dynamics. The liquid drop model
(LDM), formulated by Bethe and Weizsa¨cker just a few years after the discovery of
the neutron [22, 23], models the atomic nucleus as an incompressible quantum drop
consisting of Z protons, N neutrons, and a total mass number A=Z+N . In the LDM
the nuclear binding energy is expressed in terms of a handful of empirical parameters:
B(Z,N) = avA− asA2/3 − ac Z
2
A1/3
− aa(N − Z)
2
A
+ . . . (3)
Already incorporated into this formula is the notion of nuclear saturation, namely, the
fact that the density of the incompressible drop is a constant independent of mass
number. That is,
ρ0 =
3A
4piR3
≈0.15 fm−3 ⇒ R(A) = r0A1/3≈(1.17 fm)A1/3. (4)
The volume term av represents the binding energy per nucleon of a symmetric drop in
the absence of long-range Coulomb forces. The remaining three terms are all repulsive.
The first of these remaining terms (as) is associated to the surface tension which reflects
that nucleons at the surface are less bound than those in the interior. The last two
terms (ac, aa) denote binding energy corrections resulting from the Coulomb repulsion
among protons as well as the Pauli exclusion principle and strong isovector interactions
that favor symmetric (N = Z) systems.
In the thermodynamic limit in which the number of nucleons and the volume are
both taken to infinity but their ratio remains fixed at saturation density, the binding
energy per nucleon may be written as:
E(ρ0, α) ≡ −
B(Z,N)
A
= ( ε0+α
2J) , (5)
where we can identify ε0 =−av, J = aa, and α≡ (ρn−ρp)/(ρn+ρp) with the neutron-
proton asymmetry. This simple formula suggests that in the thermodynamic limit
an incompressible and symmetric liquid drop has a binding energy per nucleon of
ε0≈−16 MeV and that there is an energy cost of J ≈ 23 MeV in converting symmetric
nuclear matter into pure neutron matter.
However, in reality the liquid drop is not incompressible so the empirical formula fails
to capture the response of the liquid drop to density fluctuations. This information
is contained in the EOS that describes the relationships between energy, pressure,
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temperature, density and neutron-proton asymmetry of nuclear matter. In particular,
the symmetry energy is an essential component of the EOS that quantifies the energy
cost of introducing a neutron-proton asymmetry into the system.
At zero temperature, of relevance to neutron stars, the EOS depends on the conserved
baryon density ρ= ρn+ρp and on the neutron-proton asymmetry. Following Eq. 5 we
may write the EOS of asymmetric matter by expanding the energy per nucleon in a
power series around the symmetric limit as:
E(ρ, α) = ESNM(ρ) + α2S(ρ) +O(α4) , (6)
where ESNM(ρ) = E(ρ, α ≡ 0) is the energy per nucleon of symmetric nuclear matter
(SNM) and S(ρ) is the symmetry energy. Note that no odd powers of α appear in
the expansion as the nuclear force is assumed to be isospin symmetric and electroweak
contributions have been “turned off”. To a very good approximation the symmetry
energy represents the cost of converting symmetric nuclear matter (with α = 0) into
pure neutron matter (with α=1):
S(ρ)≈E(ρ, α=1)−E(ρ, α=0) . (7)
Given that symmetric nuclear matter saturates, namely the pressure at saturation
density vanishes, it is customary to encode the behavior of both symmetric nuclear
matter and the symmetry energy around saturation density in terms of a few bulk
parameters. This is accomplished by performing a Taylor series expansion around
saturation density ρ0. That is [24],
ESNM(ρ) = ε0 +
1
2
K0x
2 + . . . , (8a)
S(ρ) = J + Lx+ 1
2
Ksymx
2 + . . . , (8b)
where x = (ρ − ρ0)/3ρ0 is a dimensionless parameter that quantifies the deviations of
the density from its value at saturation. Here ε0 and K0 represent the energy per
nucleon and the incompressibility coefficient of SNM; J and Ksym are the corresponding
quantities for the symmetry energy. However, unlike symmetric nuclear matter whose
pressure vanishes at saturation, the slope of the symmetry energy L does not. Indeed,
the slope of the symmetry energy L is closely related to the pressure of pure neutron
matter (P0) at saturation density:
P0 ≈ 1
3
ρ0L . (9)
By combining Eqs. (6) and (8b) the EOS of asymmetric nuclear matter in the vicinity
of saturation density may now be written as follows:
E(ρ, α) = ( ε0+α2J) + α2Lx+
1
2
(K0+α
2Ksym)x
2 + . . . (10)
This expression may now be readily compared against the liquid-drop model in the
thermodynamic limit (Eq. (5)).
Given that the Bethe-Weizsa¨cker mass formula provides an excellent description of
the binding energy of stable nuclei (modulo shell corrections) it is evident that nuclear
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masses are largely insensitive to the density dependence of the symmetry energy. In
contrast, the neutron-skin thickness of heavy nuclei is highly sensitive to the slope of
the symmetry energy L that quantifies the difference between the symmetry energy at
saturation density (as in the nuclear core) and the symmetry energy at lower densities
(as in the nuclear surface). Ultimately, the thickness of the neutron skin emerges from
a competition between the surface tension and the slope of the symmetry energy.
Besides its relevance in nuclear structure, the density dependence of the symmetry
energy plays a key role in astrophysics, particularly in the structure, dynamics, and
composition of neutron stars. Because of the long-range nature of the Coulomb force,
macroscopic objects must be electrically neutral. As a consequence of the large electronic
Fermi energy in dense nuclear matter, it becomes energetically favorable for electrons
to capture into protons, resulting in compact stars that are necessarily neutron rich.
Exactly how neutron rich these stars are, is determined by the density dependence of
the symmetry energy. Hence, insights into the nature of neutron-rich matter may be
obtained from the study of the neutron-skin thickness of heavy nuclei. Thus, motivated
by the considerable attention that the determination of the neutron-skin thickness in
nuclei has attracted over the years, several experimental techniques have been used to
determine this critical observable. In the following section we discuss the strengths and
weaknesses of each of these techniques. In turn, in an effort to minimize theoretical
uncertainties in the extraction of the neutron-skin thickness, the emphasis has been
placed on stable, doubly-magic nuclei with a significant neutron excess. Only two nuclei
in the entire nuclear chart satisfy these demands: 48Ca and 208Pb, with the latter more
sensitive to bulk nuclear properties and the former to surface properties. Laboratory
measurements of the neutron-skin thickness of 208Pb thus provide stringent constraints
on L, a fundamental parameter of the equation of state.
4. Neutron Skin: state of the art
4.1. Parity-Violating Electron Scattering
Elastic electron scattering has provided the most accurate and detailed picture of the
distribution of protons in the atomic nucleus. This stands in stark contrast to our
poor knowledge of the neutron distribution which has been mapped using hadronic
probes that are hindered by uncontrolled uncertainties associated with the strong
interaction [25]. Parity-violating measurements of neutron densities offer a uniquely
clean and model-independent approach. Indeed, thirty years ago, Donnelly, Dubach, and
Sick proposed a purely electroweak determination of the neutron distribution that is free
from hadronic uncertainties [26]. Parity-violating electron scattering is highly sensitive
to the neutron density because the vector coupling of the neutron to the weak-neutral
Z0 boson is much larger than the corresponding weak charge of the proton. In such
a reaction, longitudinally polarized electrons are elastically scattered off unpolarized
nuclei. The parity-violating asymmetry APV is determined from the difference in cross
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sections between the scattering of right- and left-handed electrons. That is,
APV =
σR − σL
σR + σL
. (11)
The parity-violating asymmetry arises due to the interference of virtual γ and Z0
exchanges in the scattering process. In Born approximation the parity-violating
asymmetry APV is directly proportional to the ratio of the weak (FW ) to the charge
(Fch) form factors of the nucleus, quantities that are obtained as the Fourier transforms
of their corresponding spatial densities [27]. That is,
APV ≈ GFQ
2
4piα
√
2
QW FW (Q
2)
Z Fch(Q2)
, (12)
where GF and α are the Fermi and fine structure constants, while Z and QW are the
electric and weak charge of the nucleus, respectively. Given that the charge form factor
Fch(Q
2) is known to high accuracy, the parity-violating asymmetry determines, at least
in the Born limit, the weak form factor FW (Q
2) at the four-momentum transfer of the
experiment. Electromagnetic and weak charge densities alongside “point” proton and
neutron distributions for 208Pb as predicted by the FSUGold model [28] are displayed in
Fig. 2. In the long wavelength approximation, one can isolate various moments of the
spatial distribution. For example, in the case of the weak form factor one obtains
FW (Q
2) =
1
QW
∫
ρ
W
(r)
sin(Qr)
Qr
d3r =
(
1− Q
2
6
R2W +
Q4
120
R4W + . . .
)
, (13)
where the form factor has been normalized to FW (Q
2 = 0) = 1. In particular, the
weak-charge radius is given by
R2W = −6
dFW
dQ2
∣∣∣∣
Q2=0
. (14)
Although Eq. (12) captures the essence and virtue of the parity-violating experiment,
Coulomb distortions induced by the repeated interactions of the electron with the
charged nucleus must be accounted for, especially for heavy nuclei. But while important,
Coulomb distortions can be accurately calculated by solving the Dirac equation for
an electron moving under the influence of the electroweak potential produced by the
nucleus [29, 15].
For typical fixed target experiments, APV ranges from roughly 10
−4 to as small
as 10−7. This makes parity-violating experiments particularly challenging, as current
experimental techniques designed to measure such small asymmetries need to be refined
so that both statistical and systematic errors can be controlled to better than 1 part
per billion (ppb).
The Lead (208Pb) Radius EXperiment (“PREX”) at the Jefferson Laboratory (JLab)
has provided the first model-independent determination of the weak form factor of
208Pb at a single value of the momentum transfer using parity-violating elastic electron
scattering [27, 30]. This pioneering, proof-of-principle experiment established with high
confidence the existence of a neutron rich skin in 208Pb. Whereas the experiment
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Figure 2. Density distributions of 208Pb as predicted by FSUGold [28]. Shown with
the dashed lines are the “point” proton (red) and neutron (black) density distributions.
Folding these point densities with single nucleon electromagnetic and weak form factors
yields the electromagnetic charge (solid red line) and weak-charge (solid black line)
distributions. Note that whereas the charge distribution follows closely the proton
density, the weak-charge density is mostly sensitive to the distribution of neutrons.
The blue circles represent the experimental charge distribution.
achieved excellent control of systematic uncertainties, unforeseen problems during the
experimental run compromised the statistical accuracy of the measurement. PREX
reported the following value for the parity-violating asymmetry [27]:
APbPV = 656± 60(stat)± 14(syst) ppb, (15)
at an average momentum transfer of Q
2
= (0.008 80 ± 0.000 11)GeV2. Given that
Coulomb distortions are well understood—and that the charge form factor of 208Pb is
known—one can then extract the weak form factor in an essentially model independent
way. One obtains [30],
FW (Q
2
) = 0.204± 0.028, (16)
where the quoted error is obtained by adding the statistical and systematic experimental
errors in quadrature. To exploit the model-independent determination of the weak form
factor, we display in Fig. 3 the “weak-skin” form factor of 208Pb defined as the difference
between its corresponding charge and weak form factors:
FWskin(q)=Fch(q)−FW(q), (17)
where q=
√
Q2. The theoretical models used to make these predictions were calibrated
using the same fitting protocol, except for assuming a value for the unknown neutron-
skin thickness of 208Pb [31], which is displayed in the legends. These theoretical
predictions are compared against the experimental results at the PREX momentum
transfer of q¯=0.475 fm. Although the experimental error is large, PREX indicates that
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the weak form factor falls rapidly with momentum transfer, suggestive of a large weak-
charge radius and a correspondingly large neutron skin in 208Pb. Note that near the
origin the weak-skin form factor is directly proportional to the weak skin:
FWskin(q) ≈ q
2
6
(
R2W −R2ch
)
=
q2
6
(
RW +Rch
)
RWskin, (18)
where
RWskin ≡ RW −Rch. (19)
Finally, although practically imperceptible, the two green curves displayed in the figure
were generated using the same (Rskin = 0.20 fm) model; one represents the difference
between the charge and weak form factors while the other one the difference between the
(“point”) neutron and proton form factors. The near equality indicates that whereas the
inclusion of the single nucleon form factors is important (see Fig. 2), their role diminishes
greatly as one computes the difference in nuclear form factors. In turn, this suggests
that although the weak skin is the one genuine experimental observable, the neutron
skin encodes the same physical information.
0.0 0.5 1.0 1.5 2.0
q(fm-1)
-0.01
0
0.01
0.02
0.03
0.04
0.05
F W
sk
in(q
)=
F ch
(q)
-F W
(q)
0.12fm
0.16
0.20
0.22
0.28
0.32
PREX
Figure 3. The “weak skin” form factor of 208Pb defined as the difference between
the corresponding charge and weak form factors. Predictions for various relativistic
density functionals [31] are compared against the experimentally determined PREX
value. The legend indicates the neutron-skin thickness of 208Pb as predicted by the
various models.
Nevertheless, given that the measurement of the weak form factor was carried out at a
single value of the momentum transfer, some minor assumptions concerning the surface
thickness had to be made in order to extract RW and ultimately the neutron-skin
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thickness of 208Pb [30]. In this way PREX furnished the first credible estimate of the
neutron-skin thickness of 208Pb to be [27]:
R208skin = 0.33
+0.16
−0.18 fm. (20)
A flow chart that illustrates all the relevant theoretical steps required for the extraction
of the neutron-skin thickness is displayed in Fig. 4; for further details see Refs.[30, 32].
Figure 4. Flow chart illustrating the theoretical steps required to extract the neutron-
skin thickness from the measured parity-violating asymmetry APV .
Although this pioneering experiment could not provide significant constraints on either
R208skin or on the density dependence of the symmetry energy, it represents an important
milestone that has laid the foundation for future experimental efforts. Indeed, plans
are already in place for the next generation of parity-violating experiments beyond
the current precision frontier. There are two approved experiments at JLab that
are scheduled to run in 2019: (a) the follow-up experiment PREX-II that seeks a
determination of the neutron radius of 208Pb with a sensitivity that matches the original
PREX goal of ±0.06 fm [33] and (b) the Calcium Radius EXperiment (“CREX”) that
aims for a 0.5% (or ±0.02 fm) sensitivity to the neutron radius of 48Ca [34]. While
PREX-II will impose important constraints on the density dependence of the symmetry
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energy, CREX will have a significant impact on nuclear theory. This is because medium-
mass nuclei are nowadays accessible by nuclear ab initio methods that include both two-
and three-nucleon forces [35]. Thus, CREX can provide an important bridge between
ab initio approaches and density functional theory, which remains the only realistic
framework to explore the physics of heavy nuclei and neutron stars.
Beyond JLab, the newly to be commissioned accelerator MESA (Mainz Energy recovery
Superconducting Accelerator) [36] will open the floodgates for high-precision parity-
violating experiments. Within the scope of the P2 experimental setup to measure the
weak charge of the proton [36], the Mainz Radius EXperiment (MREX) will be able to
determine the neutron radius 208Pb with a 0.5% (or ±0.03 fm) precision; for 48Ca the
sensitivity is similar to the one expected from CREX at JLab. Although the maximum
incident energy at MESA will be lower than at JLab, the experiment will benefit
from both higher beam intensities and full azimuthal coverage [36]. The experimental
campaigns at JLab and at Mainz will deliver two valuable anchors for the calibration of
experiments involving hadronic probes. These anchors will provide the foundation for
the reliable interpretation of experiments that will produce exotic nuclei with large skins
at future radioactive beam facilities. In this context, it is important to assess the impact
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Figure 5. Left: Covariance ellipse displaying the strong correlation between the
neutron-skin thickness of 208Pb and the slope of the symmetry energy L, as predicted
by the relativistic density functional FSUGold [28, 37, 20]. Right: Neutron-skin
thickness of 208Pb as a function of the slope of the symmetry energy L, as predicted
by a large and representative set of nuclear density functionals. The error bars
represent the ±0.06 fm and ±0.03 fm precision anticipated for the PREX-II and MREX
measurement, respectively. In both cases the central value was placed arbitrarily at
0.28 fm. This last figure was adapted with permission from Ref. [15], copyrighted by
the American Physical Society.
of PREX-II and MREX on elucidating the density dependence of the symmetry energy.
Traditionally, theoretical predictions are presented in terms of a “central value” without
any information on the uncertainties inherent in the calculation. Although this approach
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has certain value, theoretical predictions without error bars for observables that are well
beyond the region of confidence – such as at the boundaries of the nuclear landscape or
in the interior of neutron stars – are neither helpful nor meaningful. Indeed, in recent
years “the importance of including uncertainty estimates in papers involving theoretical
calculations of physical quantities” has been underscored by the editors of the Physical
Review [38]. Since then, several manuscripts highlighting the role of information and
statistics in nuclear physics have been published [39, 37, 20, 40, 41, 42, 43, 44].
A particularly robust approach to uncertainty quantification is based on Bayes’
theorem [45, 46]. In the context of model building and parameter estimation, Bayes’
theorem connects two critical pieces of information: (a) a prior hypothesis reflecting
knowledge that one has acquired through mostly experimental information and (b) an
improvement to the prior hypothesis by both adopting and adapting new experimental
evidence. The outcome of such a procedure is a posterior distribution of parameters
that can be used to quantify the uncertainty in the predictions and to establish
correlations among observables. In Fig. 5, we display on the left-hand panel the
covariance ellipse generated from the calibration of the FSUGold relativistic density
functional [28]. Given that most nuclear observables measured to date involve systems
with a modest neutron-proton asymmetry, the isoscalar sector of the density functional
is fairly well constrained. However, the unavailability of experimental observables for
nuclei with a large neutron excess leaves the isovector sector poorly determined. Recall
that deviations of the energy from the symmetric (N = Z) limit are controlled by
the symmetry energy which scales as the square of the neutron-proton asymmetry
α≡ (N − Z)/A. This implies that α2≤0.05 even for a nucleus with 44 excess neutrons
as 208Pb. This fact is reflected in the relatively large theoretical error bars displayed in
Fig.5 (left-hand panel) for both L and the neutron-skin thickness of 208Pb. But although
the error bars are large, the correlation coefficient is nearly unity, suggesting that R208skin
is an excellent proxy for L.
Quantitatively, the larger (blue) error bars represent the associated predictions of
R208skin = (0.207 ± 0.037) fm and L = (60.52 ± 12.1) fm, respectively [37]. Also shown is
the possible impact of the anticipated ±0.03 fm precision on R208skin at Mainz. Although
statistically robust, this covariance analysis is unable to quantify systematic errors
that reflect the intrinsic biases and limitations of the model. To assess systematic
uncertainties we display on the right-hand panel of Fig. 5 predictions for a large and
representative set of relativistic and nonrelativistic density functionals that span a wide
range of values for the slope of the symmetry energy, while providing a fairly good
description of binding energies and charge radii of magic and semi-magic nuclei [15].
Despite the variety of models and fitting protocols, the correlation coefficient remains
high (ρ=0.98) further validating the strong physical underpinning of the correlation. For
comparison and superimposed to these predictions are the FSUGold results obtained
from the covariance analysis (see left-hand plot). Also displayed are the anticipated
results from both PREX-II and MREX, with the central value arbitrarily chosen to
coincide with the FSUGold prediction of R208skin = 0.207 fm. The upcoming PREX-II,
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but especially MREX, can significantly reduce the spread in the model predictions and
impose stringent constraints on the density dependence of the symmetry energy. Indeed,
MREX could constrain the slope of the symmetry energy L to ± 20 MeV. Ultimately,
however, the impact of these experiments depends on both the anticipated error and
its central value. If the large value of PREX is confirmed, then essentially all models
displayed in the figure will be ruled out!
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Figure 6. The “weak skin” form factor of 48Ca defined as the difference between
the corresponding charge and weak form factors. Predictions for various relativistic
density functionals [31] are displayed and compared against two recent calculations, one
using an ab initio approach with a chiral interaction (NNLOsat) and the other one a
dispersive optical model (DOM). A CREX point with an arbitrary central value but
with the anticipated experimental error is shown for reference. The legend indicates
the neutron-skin thickness of 48Ca as predicted by the various models.
Whereas the neutron-skin thickness of 208Pb provides a direct access to a fundamental
parameter of the equation of state, the neutron-skin thickness of 48Ca, with a significant
surface to volume ratio, is affected by additional dynamical effects. The main virtue
of CREX is that it will provide a critical bridge between density functional theory and
ab initio approaches. Indeed, a ±0.02 fm measurement of the neutron-skin thickness
of 48Ca will provide a critical benchmark and a valuable anchor for future studies
of exotic nuclei with very large skins. In analogy to Fig. 3, we display in Fig. 6 the
weak skin of 48Ca as predicted by the same set of relativistic models. A CREX point
is included with the anticipated error and centered arbitrarily at the value predicted
by FSUGold. Such a precise measurement will be instrumental in resolving some of
the ambiguity among the various density functionals. However, ab initio calculations
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using the chiral “NNLOsat” interaction—constrained by binding energies and charge
radii of certain nuclei with A ≤ 25—report a neutron-skin thickness of 48Ca that is
considerably smaller: 0.12≤ R48skin≤0.15 fm [35]. This translates into a correspondingly
smaller weak-skin form factor, as shown in the figure. In principle, this finding could
be used to refine the relatively poorly constrained isovector sector of nuclear density
functionals. However, such a small neutron skin has been put into question by a recent
analysis that employs a dispersive optical model and that reports a much thicker skin of
R48skin=(0.249± 0.023) fm [47]. Such a striking discrepancy is bound to provide valuable
insights and further strengthens the already strong case for CREX. Ultimately, only
experiment can provide the final answer, because even models with a more microscopic
underpinning are not entirely free from theoretical uncertainties.
4.2. Hadronic Probes
The elastic scattering of hadrons from atomic nuclei has been used extensively
throughout the years to map the mass distribution of atomic nuclei. The virtue of
hadronic probes, such as pions, nucleons, α-particles, and antiprotons, is that by
their mere (strongly-interacting) nature they generate large scattering cross sections.
However, unlike electroweak probes, hadronic probes suffer from large and uncontrolled
theoretical uncertainties, such as those associated with the reaction mechanism, multiple
scattering effects, and medium modifications to the elementary interaction, among
others. Although for elastic scattering at medium energies the reaction mechanism
is believed to be dominated by quasi-free nucleon knockout, so that a major uncertainty
is mitigated, an incomplete knowledge of the elementary scattering amplitude inside
the nuclear medium and of the appropriate optical potential—which often violates
analyticity—severely compromises the extraction of reliable ground-state densities.
Moreover, hadronic probes are hindered by the lack of isospin selectivity. Whereas
photons couple to the electric charge, which is carried by protons, and the Z0 boson
to the weak charge, carried largely by the neutrons, hadronic probes are either purely
isoscalar or couple primarily to the isoscalar matter density. As we show below, this
makes isolating the neutron density extremely challenging even if the proton density is
known from electron scattering.
4.2.1. α-nucleus and pi-nucleus scattering Already back in the 1970’s the first attempts
were made to extract the neutron radius of 208Pb from the known proton density and
the matter distribution measured with α-particle scattering [48]. For the extraction
of the neutron radius, a myriad of assumptions were made on the elementary α-
nucleon interaction, the parametrized form of the neutron density, and ultimately on the
optical potential. An extracted value for the neutron radius of R208n = (5.75 ± 0.09) fm
(or equivalently R208skin = (0.32 ± 0.09) fm) is shown in Fig. 7 alongside experimental
results obtained with other hadronic probes and various theoretical predictions. The
large experimental uncertainties and inconsistencies among the extracted neutron
Neutron skins of atomic nuclei: per aspera ad astra 17
Figure 7. The neutron rms radius of 208Pb extracted from the matter distribution
determined from α-particle scattering [48] is displayed by the dashed region in the
middle of the figure. For comparison, results obtained by other methods are also
displayed: (a) Coulomb-energy differences; (b) elastic proton scattering; (c) Woods-
Saxon wells with adjusted parameters; (d) pion scattering; and (e) theoretical Hartree-
Fock calculations. Figure adapted from Ref. [48].
radius illustrate the challenges inherent to the use of hadronic probes. Indeed, these
inconsistencies are heightened even further by the fact that (under the assumption of
a common diffuseness parameter of an = 0.5 fm) the extracted neutron radius from pi
−
scattering gives R208n = (5.58 ± 0.10) fm while R208n = (5.20 ± 0.10) fm when using pi+
beams [49].
4.2.2. Proton-nucleus scattering Protons are the most prominent of the hadronic
probes used in the extraction of neutron and matter densities. Indeed, facilities such as
IUCF (Indiana University Cyclotron Facilty, Bloomington, USA), TRIUMF (Canada’s
National Laboratory for Particle and Nuclear Physics, Vancouver, Canada), LAMPF
(Los Alamos Meson Physics Facility, Los Alamos Laboratory, USA), RCNP (Research
Center for Nuclear Physics, Osaka University, Japan), and others were constructed
with a primary goal of mapping the neutron distribution of atomic nuclei. For the
intermediate energy protons produced at these facilities (in the 200-1000 MeV range)
uncertainties associated with the reaction mechanism can be alleviated, at least in part.
Nevertheless, as one collects scattering observable from several of these facilities, in an
effort to extract consistent neutron densities, a major discrepancy emerges: systematic
energy dependent differences are identified in the value of R208skin. This disturbing fact is
illustrated in Fig.8 where the neutron-skin thickness of 208Pb is seen to vary dramatically
over energy—including negative values and values as large as R208skin ≈ 1.5 fm [50]. And
while a significant effort was devoted in Ref. [51] to quantify all sources of uncertainty
in the particular case of proton scattering at 650 MeV, it was also recognized that a
truly model-independent determination of neutron densities is impossible with hadronic
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probes.
Figure 8. The neutron-skin thickness of 208Pb extracted from elastic proton scattering
from experiments carried over a large range of energies. The discrepancy in the value of
the neutron skin indicates the large theoretical uncertainties involved in the extraction.
Figure adapted from [50].
The latest effort at measuring the neutron-skin thickness of 208Pb was carried out at
RCNP, using a 295 MeV polarized proton beam [52]. Unlike earlier experiments at higher
energies [51, 53], ∼300 MeV protons are relatively good probes of both the nuclear surface
and interior. Moreover, at these energies the impulse approximation remains valid while
pion production is suppressed, thereby simplifying the dynamical content of the optical
potential. Angular distributions of cross sections and analyzing powers were analyzed
within the framework of the Relativistic Impulse Approximation using a medium-
modified relativistic Love-Franey interaction [54, 52]. Finally, such medium-modified
interaction was calibrated using proton elastic scattering data from 58Ni (Z=28,N=30)
where the proton density is known and the neutron density is assumed to have nearly
the same shape. The RCNP analysis gave a value of R208skin = (0.211
+0.054
−0.063) fm. Figure 9
displays the extracted RCNP values for the neutron-skin thickness of 204,206,208Pb,
alongside earlier measurements and theoretical predictions. We close this section by
displaying in Fig. 10 theoretical predictions for the elastic scattering cross section of
500 MeV protons from 208Pb [25], that are confronted against the experimental data
reported in Ref. [55]. At these energies the impulse approximation is valid, so only free
nucleon-nucleon scattering data are used as input for the optical potential. Moreover,
proton and neutron ground-state densities generated from four accurately calibrated
models are folded with the free NN t-matrix to obtain the optical potential. The four
models reproduce binding energies and charge radii of a variety of nuclei and provide
a very accurate representation of the experimental cross section. Yet, given the large
uncertainties in the density dependence of the symmetry energy, these models span
Neutron skins of atomic nuclei: per aspera ad astra 19
Figure 9. Neutron-skin thickness extracted from various experiments are confronted
against theoretical predictions for the three isotopes of lead 204,206,208Pb. The filled
circles are the results from RCNP and include experimental uncertainties (small error
bars) and combined experimental and model uncertainties (large error bars). Figure
adapted from [52].
a wide range of values for the neutron-skin thickness of 208Pb; that is, R208skin = 0.13-
0.28 fm. Note that this range is wider than the corresponding experimental range of
R208skin=0.211
+0.054
−0.063 fm quoted by the RCNP collaboration [52]. However, despite the wide
range of values for R208skin, it is practically impossible to discern any significant differences
in the predictions of the four models, even when the cross section falls over ten orders
of magnitude (this fact remains true even if a linear scale is used; see Ref. [25]). We
attribute the insensitivity of the cross section to the lack of isospin selectivity of the
reaction. Indeed, at these energies the NN t-matrix is mostly isoscalar so medium
energy protons couple largely to the matter (or isoscalar) density. Given that the
diffractive oscillations of the cross section are then controlled by the matter radius,
the large differences in R208skin get diluted into an unobservable difference.
4.2.3. Antiprotonic atoms We finish the section on hadronic probes with a brief
discussion of antiprotonic atoms, specifically their role in constraining the neutron
distribution at the nuclear periphery. As reported in Ref. [56], two different methods—
one radiochemical and the other based on x-ray data—were used to determine the
neutron-skin thicknesses of a variety of nuclei, including 208Pb. The radiochemical
method studies the annihilation residues with either one less proton or one less neutron
than the original target nucleus, thereby ensuring a relatively simple annihilation
mechanism. The relative neutron-to-proton yields after the annihilation are presumed
to be directly related to the proton and neutron densities at the annihilation site. The
second method uses x-rays to probe modifications to the antiprotonic levels due to
the strong interaction between the antiproton and the atomic nucleus. In both cases
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Figure 10. Elastic scattering cross section of 500 MeV protons from 208Pb as a
function of the momentum transfer. All theoretical models use the same exact
scattering formalism, but vary only in their value for R208skin, as indicated in the legend.
The experimental data is from Ref. [55] (reprinted from Ref. [25], copyright (2005) with
permission from Elsevier).
ground-state densities are determined in the nuclear periphery. For example, in the
radiochemical method the neutron-to-proton density ratio was determined at the “most
probable annihilation site”, which for the case of 208Pb is at a distance of about 9 fm.
Then, two-parameter Fermi distributions were assumed to extrapolate the deduced
densities at such large distance towards the interior of the nucleus in order to compute
the neutron-skin thickness of 208Pb, which was reported to be R208skin=0.15±0.02 fm [56].
Displayed in Fig. 11, which was adopted from Ref. [18], is R208skin alongside the neutron-
skin thickness of many other nuclei extracted from antiprotonic data as a function of
the neutron-proton asymmetry parameter [56]. Also shown in the figure are theoretical
predictions using the nonrelativistic Skyrme SLy4 [57] and relativistic FSUGold density
functionals. Note that in the figure the quantity S denotes the neutron-skin thickness.
Despite the seemingly impressive achievement in the determination of the neutron-skin
thickness of a large number of nuclei, one must ask whether the 0.02 fm quoted error in
the particular case of 208Pb is realistic. Specifically, does the error accurately reflect the
myriad of theoretical uncertainties associated with the antiproton-nucleon scattering
amplitudes and their possible modification in the nuclear medium, the antiproton-
nucleus optical potential, and the antiprotonic orbits involved in the annihilation
process? And more significantly, can a two-parameter Fermi distribution—or even a
more realistic one—faithfully extrapolate from the nuclear periphery to the nuclear
interior. Is this a case of “the tail wagging the dog”? Although an accurate two-
parameter-Fermi fit to the first few moments of a realistic density distribution is possible,
significant differences between the two distributions emerge in the nuclear periphery—
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where the density drops exponentially and the integrated density beyond a distance
of 9 fm accounts for a mere ∼ 0.5% of the total number of nucleons. Thus, we must
conclude that processes involving hadronic probes tend to grossly underestimate the
many sources of theoretical uncertainties.
Figure 11. Neutron-skin thicknesses of a variety of nuclei as extracted from
antiprotonic data as a function of the asymmetry parameter and compared against
theoretical predictions from SLy4 and FSUGold. The red triangles represent a semi-
empirical formula derived using the nuclear droplet model (reprinted with permission
from Ref. [18].Copyright (2008) American Physical Society)
In summary, we find the situation with hadronic probes diametrically opposite as
compared against electroweak probes. Hadronic probes have the distinct advantage
that the cross sections are large so the experimental errors are dominated by systematic
uncertainties, which in the particular case of proton scattering are well under control,
resulting in largely error free cross sections [52]. This is contrary to the painstaking care
that is required to measure parts-per-million parity-violating asymmetries. However,
given that none of these experiments measure directly the neutron skin, the path
from measuring the parity-violating asymmetry to the extraction of the neutron skin
is relatively pain free, as theoretical uncertainties are both small and under control.
In contrast, extracting the neutron skin from the actual observable measured with
hadronic probes is marred by theoretical uncertainties that are neither small nor under
control. In hadronic processes the probe and the target are inextricably linked, so that a
“truly model-independent determination of the density distributions is impossible” [51].
Nevertheless, hadronic probes—particularly protons—will be the prime experimental
tool available to map the very large neutron skins of exotic nuclei at future radioactive
beam facilities. Even though challenging, experiment and theory must forge an even
stronger alliance in an effort to solve this complex problem. In this regard and as we
mentioned earlier, the determination of the neutron-skin thickness of both 48Ca and
208Pb with electroweak probes will provide two valuable anchors for the calibration of
experiments involving hadronic probes. Important first steps along this direction have
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already been taken for the case of the electric dipole polarizability—an experimental
observable strongly correlated to the neutron skin.
4.3. Electric Dipole Response
The isovector dipole resonance is the quintessential nuclear excitation mode [58]. An
intuitive picture of this mode emerges as one imagines the response of the nucleus to an
external electric field. Relative to its center-of-mass, the nucleus responds by displacing
the proton distribution relative to that of the neutrons. Such spatial configuration is
energetically very costly as the symmetry energy disfavors regions with large neutron-
proton asymmetries. As a consequence, as soon as the electric field is “turned off”,
the system aims to restore its original symmetric (or nearly symmetric) configuration.
However, the nucleus has inertia and this results in a collective excitation—the isovector
Giant Dipole Resonance (GDR)—that may be visualized as an out-of-phase oscillation
of protons against neutrons (see Fig. 12). Ultimately, the frequency of oscillation of this
collective mode emerges from the symmetry energy—which acts as the restoring force—
and a characteristic inertia parameter [59]. Given that the symmetry energy acts as the
restoring force, a strong correlation is expected between various moments of the electric
dipole (E1) response and the neutron skin—a connection that becomes particularly
strong as the neutron excess increases. Indeed, with increasing neutron excess, two
Figure 12. Depiction of the electric dipole strength comprising the pygmy dipole
resonance and the giant dipole resonance, with Sn denoting the neutron separation
energy.
closely related phenomena emerge: (a) the development of a neutron rich skin and (b)
the appearance of low-energy dipole strength close to the neutron emission threshold.
This soft mode of excitation is commonly referred to as the Pygmy Dipole Resonance
(PDR) and is depicted in Fig. 12 as an oscillation of the excess neutrons against the
isospin symmetric core. The asserted correlation between the neutron-skin thickness
and the PDR has been validated within the context of mean-field (MF) plus random-
phase-approximation (RPA) approaches, both in the relativistic and nonrelativistic
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case [60, 61, 62]. Using the long chain of stable tin isotopes, the emergence of low-energy
isovector dipole strength was observed to be strongly correlated to the development
of a neutron rich skin [60, 61]. Nevertheless, whereas the appearance of low energy
dipole strength is undeniable, one should be cautious in attempting to separate the two
excitation modes, especially since the low-energy tail of the GDR often overlaps with
the PDR. Moreover, one should also be cognizant that the identification of the PDR as a
resonance of purely isovector character remains a source of considerable debate [61]. For
a very recent review on the considerable effort being devoted to the understanding of
both the nature and structure of the low-lying dipole strength see Ref. [63] and references
contained therein.
Figure 13. Pygmy dipole strength for stable nuclei (open symbols) [64, 65, 66, 67]
and unstable nuclei (filled symbols) [68]. (reprinted with permission from Ref. [68].
Copyright (2007) American Physical Society)
As alluded earlier, the contribution from the PDR to the overall dipole strength is
expected to increase with increasing neutron-proton asymmetry. Pioneering experiments
using Coulomb excitation on the unstable neutron rich nuclei 68Ni [69], 130,132Sn [70],
129,131Sn, and 133,134Sb [68] have confirmed the appearance of a resonance-like structure
below the GDR. As shown in Fig. 13, these measurements confirmed the anticipated
increase in low-energy dipole strength with increasing neutron-proton asymmetry, except
in the case of 132Sn. To elucidate the nature of the PDR and to provide further
constraints on theoretical models, more experimental data is needed—especially in the
region of unstable neutron-rich nuclei. In this regard, a large investment has been
made in the commissioning of future radioactive beam facilities, such as FRIB in the
US [71], the Advanced Rare IsotopE Laboratory (ARIEL) in Canada [72], and FAIR in
Neutron skins of atomic nuclei: per aspera ad astra 24
Germany [73]. Probing exotic nuclei with very large neutron skins is a key science goal
for all of these facilities.
Although the electric dipole response is highly sensitive to the symmetry energy, not
all of its moments reflect this sensitivity. For example, the energy weighted sum rule
is largely model independent and hence insensitive to the isovector dynamics. The
insensitivity originates from the repulsive character of the residual interaction in this
channel which is responsible for a quenching and hardening (a push to higher energies)
of the dipole response. In the particular case of models with a soft symmetry energy—
ones that vary slowly with density—the stronger restoring force generates a dipole
response that is both quenched and hardened relative to its stiffer counterparts. In
the case of the energy weighted sum these two effects tend to cancel each other leading
to a largely model independent sum rule. In contrast, the quenching and hardening
add coherently for the inverse energy weighted sum, resulting in a strong isovector
indicator [39]. Note that the inverse energy weighted sum is directly proportional to the
electric dipole polarizability αD; see Eq. (22). Moreover, given that the electric dipole
response is weighted by the inverse of the energy, rather than with the energy as for the
energy weighted sum, the PDR contribution to αD is significantly enhanced [74]. Finally,
considering αD in its entirety avoids any (model dependent) attempt at separating the
overall response into PDR and GDR contributions.
The electric dipole polarizability is computed from a suitably weighted integral of the
photoabsorption cross section that is given by [58]:
σabs(ω) =
16pi3
9
e2
~c
ωR(ω;E1), (21)
where ω is the photon (or excitation) energy and R(ω;E1) is the nuclear electric dipole
response [74]. Once the E1 response has been obtained, the dipole polarizability is
obtained as a suitable integral of the distribution. That is,
αD =
~c
2pi2
∫ ∞
0
σabs(ω)
ω2
dω =
8pie2
9
∫ ∞
0
ω−1R(ω;E1) dω =
8pie2
9
m−1 , (22)
where m−1 is the inverse energy weighted sum. Whereas the inverse energy weighting
makes αD particularly sensitive to the E1 strength at low energies, the precise
determination of αD requires a measurement of the complete E1 strength distribution
in the energy range that encompasses both the PDR as well as the GDR.
A novel method based on inelastic proton scattering at forward angles—including zero
degrees—has been used to perform a pioneering experiment at the RCNP facility using
the Grand Raiden spectrometer to determine the full dipole response of 208Pb [75, 76].
The cross section at very forward angles (involving large impact parameters) is
dominated by the relativistic Coulomb excitation of non-spin-flip E1 transitions and
by isovector spin-flip M1 transitions. To extract the E1 strength, two independent
methods were used: a multipole decomposition analysis of the angular distribution
and an analysis of the total spin transfer coefficient obtained from the measurement
of polarization transfer observables [75, 76]. At forward angles the spin transfer
coefficient takes a value of either one for spin-flip or zero for non-spin-flip transitions.
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The correspondence between the two methods was found to be excellent as well as
the agreement with previous photoabsorption experiments in the GDR region. By
integrating the extracted E1 strength up to an excitation energy of 20 MeV the electric
dipole polarizability of 208Pb was determined to be equal to α208D =(18.9±1.3) fm3. Taken
this result in conjunction with earlier data from 208Pb(γ, γ′) [77] and 208Pb(γ, xn) [78]
helped reducing the experimental uncertainty, leading to a combined result of:
α208D =(20.1± 0.6) fm3. (23)
Combining this experimental result with a theoretical analysis that displays a very tight
correlation between α208D and R
208
skin [39], the following value for the neutron-skin thickness
of 208Pb was inferred: R208skin=0.156
+0.025
−0.021 fm.
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Figure 14. The left-hand panel displays the model dependence of the correlation
between the electric dipole polarizability α208D and the neutron-skin thickness R
208
skin
of 208Pb as predicted by a large set of nuclear energy density functionals. The
experimental constraints on R208skin(PREX) and αD(RCNP) are obtained from Refs. [27]
and [75], respectively (reprinted with permission from Ref. [79]. Copyright (2012)
American Physical Society). The right-hand panel displays the much improved
correlation once α208D is scaled by the symmetry energy at saturation density J
(reprinted with permission from Ref. [80].Copyright (2013) American Physical Society).
However, the covariance analysis carried out in Ref. [39] to estimate statistical
uncertainties and correlations is unable to assess systematic errors that reflect biases,
constraints, and limitations of each model. Thus, to estimate the model dependence
of the correlation, a large set of relativistic and nonrelativistic nuclear energy density
functionals (EDFs) was collected [79]. Results from such an analysis, displayed on the
left-hand panel of Fig.14, suggest that whereas the systematically varied models display
such a correlation, the correlation is not universal. Yet, inspired by the macroscopic
droplet model, one infers that the correlation becomes significantly stronger by scaling
the electric dipole polarizability with the symmetry energy at saturation density J ; see
Neutron skins of atomic nuclei: per aspera ad astra 26
right-hand panel on Fig. 14. That is, the product αDJ seems to be much better correlated
with the neutron-skin thickness of 208Pb than the dipole polarizability alone [80]. This,
however, requires knowledge of both J and α208D in order to infer the neutron-skin
thickness of 208Pb.
Having established inelastic proton scattering at forward angles as a reliable and
powerful tool to determine the electric dipole response, subsequent experiments, first on
120Sn [81] and then on 48Ca [82] were carried out at the RCNP facility. Combining the
results for 120Sn with existing photoabsorption data [83, 84, 85, 86] resulted in a value
for the electric dipole polarizability of:
α120D =(8.93± 0.36) fm3. (24)
Figure 15. Experimental values for the electric dipole polarizability of both 208Pb and
120Sn shown as yellow bands are compared against theoretical predictions from Skyrme
(left-hand panel) and relativistic (right-hand panel) energy density functionals. The
dashed black line indicates the correlation between both values of the polarizability
(reprinted with permission from Ref. [81]. Copyright (2015) American Physical
Society)
Having these two experimental results at hand, one can now proceed to examine the
performance of a set of theoretical models [81] (see Fig.15). Nonrelativistic results
displayed on the left-hand side of the figure that are based on modern Skyrme functionals
reproduce both experimental measurements, suggesting that the isovector sector is
under good control. In contrast, with one exception, all relativistic models fail to
simultaneously reproduce both experimental results, indicating the need for further
refinements to the isovector sector. Note that the predictions that include theoretical
errors represent the “optimal” model, while other predictions displayed with the same
symbol represent systematic variations around the optimal model.
While analyses of this kind are enormously valuable in validating the electric dipole
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polarizability as an attractive alternative to the neutron-skin thickness, one must
exercise care in comparing the experimental results against the theoretical predictions.
Indeed, there are many sources of uncertainty that may compromise such a comparison.
First, self-consistent calculations of the electric dipole response are performed in a
random phase approximation (RPA) using a residual interaction that must be consistent
with the mean-field interaction used to generate the ground state. As such, RPA
calculations are unable to describe the entire experimental width of the resonance, which
in general is composed of an escape (one particle-one hole) width that can be described
within the RPA framework, and a spreading (multiparticle-multihole) width that is
beyond the RPA approach. Whereas the theoretical distribution of dipole strength is
clearly affected by the failure to account for the spreading width, it is assumed that such
omission does not significantly affect the integral properties of the calculated strength.
Yet, this assertion remains to be tested. Second, for open shell-nuclei such as 120Sn,
pairing correlations are known to play an important role in the description of physical
observables. However, the impact of pairing on the dipole response can be either small or
large depending on the choice of functional [87]. This uncertainty adds another layer of
complexity in comparing theoretical predictions against experimental results. Finally,
the experimental distribution of dipole strength contains a small, yet non-negligible,
amount of “contamination” at higher energies caused by nonresonant processes—the so-
called quasideuteron effect [77, 86]. Given that these nonresonant processes are absent
from RPA calculations, these contributions must be subtracted from the experimental
distribution in order to perform a meaningful comparison. Once the quasideuteron
excitations have been removed, the following revised experimental values for 208Pb and
120Sn were obtained [87]:
α208D =(19.6± 0.6) fm3 and α120D =(8.59± 0.37) fm3. (25)
These revised values, which should be contrasted against those displayed in Eqs. (23)-
(24), may now be directly compared against the various theoretical predictions.
Although small, these modifications clearly affect the conclusions drawn from using
the experimental values displayed in Fig.15. Implementing these modifications, the
theoretical analysis performed in Ref. [87] provided optimal intervals for both the
symmetry energy and its slope at saturation density of J = 30−35 MeV and L= 20−
66 MeV, respectively. Hopefully, a future analysis that includes additional information
along the zirconium isotopic chain in 90,92,94,96Zr (RCNP experiment E421) will help
elucidate further the deep connections between the electric dipole polarizability and
the neutron-skin thickness. In any event, one must realize that the extraction of the
neutron-skin thickness from the electric dipole polarizability is not as clean as first
believed given that it involves several model-dependent assumptions.
While the scientific program at Mainz did not address the sensitivity of other nuclear
excitation modes to the neutron-skin thickness, we would be remiss if we ignore
them altogether. In particular, the spin-dipole resonance appears to display a robust
correlation between the measured cross section and the neutron-skin thickness [61, 88,
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89]. Also identified as sensitive to the symmetry energy is the energy of the isobaric
analog states. Indeed, systematic studies of the excitation energies of the isobaric analog
state across the nuclear chart have been used to constrain the density dependence of
the symmetry energy [90, 91, 92].
4.4. Coherent pi0 Photoproduction
The use of electromagnetic probes for studies of the nuclear matter distribution has
many advantages in comparison with hadronic probes. Primarily, electromagnetic
processes are governed by Quantum ElectroDynamics (QED) which is well understood.
Pion photoproduction takes place when a high energy photon interacts with a nucleon
resulting in the emission of pions. Generally, the pi0 photoproduction process can occur
either coherently, where the target nucleus is left in its ground state (γ + Ag.s. → pi0 +
Ag.s.) or incoherently, where the initial and final states differ (γ+Ag.s. → pi0+A∗). In the
incident photon energy range from threshold to 250 MeV, coherent pi0 photoproduction is
dominated by the photo excitation of the ∆-resonance (P33(1232)) [93]. Hence, protons
and neutrons contribute with the same amplitude so that the A(γ, pi0)A reaction probes
the nucleon distribution in the nucleus. Furthermore, photons have a large mean free
path, which allows to probe the whole volume of the nucleus without any Coulomb
scattering effects, making the initial state almost ideal.
Already back in the 1960’s Schrack, Leiss, and Penner [94] tried to determine nuclear
mass radii using pion photoproduction, though hindered by the limited experimental
precision at that time. A later measurement [95, 96] was able to extract differential
and total cross sections for 12C, 40Ca, 93Nb, and 208Pb (see Fig. 16). Although the
good quality data provided a valuable test of model predictions for this reaction type,
the angular coverage of the detector system was not sufficient to extract significant
information on the neutron-skin thickness. With an improved large solid-angle detector
system – the Crystal Ball/TAPS setup at the MAinz MIcrotron (MAMI) – another
attempt was made to extract information about the neutron skin of 208Pb using coherent
pi0 photoproduction [98]. Neutral pions were identified from their 2γ decay and coherent
and incoherent events were separated by their different reaction kinematics. To gain
information about the neutron distribution the diffraction pattern of the measured cross
section has to be compared against theoretical calculations.
Within the Plane Wave Impulse Approximation (PWIA) the measured cross section
dσ/dΩ is proportional to the square of the nuclear mass form-factor F (q) which
corresponds to the Fourier transform of the nuclear density. Moreover, given the
coherent nature of the process, the cross section is large as it scales with the square
of the mass number A. That is [97],
dσPWIA
dΩ
(Eγ, θpi) =
s
m2N
1
2
q∗pi
k∗
∣∣F2 (E∗γ , θ∗pi)∣∣2 sin2 (θ∗pi)A2F 2 (q) (26)
where Eγ (E
∗
γ) and θpi (θ
∗
pi) are the incident photon energy and the pion polar angle
in the photon-nucleus center-of-mass (cm) system (photon-nucleon cm-system), mN is
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Figure 16. Differential cross sections for 12C(γ, pi0)12C, 40Ca(γ, pi0)40Ca, and
Pb(γ, pi0)Pb in comparison with predictions from Drechsel et al. [97]. Dotted lines:
PWIA, dashed lines: DWIA, and full lines: DWIA with ∆-self energy fitted to 4He
cross sections. In addition, predictions for the coherent reaction (wide space dotted
line) and coherent plus incoherent excitation of low lying states (dash-dotted line) are
shown for the 12C data at 290 MeV (figure from [95].)
the nucleon mass and s the invariant mass of the photon-nucleon pair. q∗pi and k
∗ are
the pion and photon momenta in the photon-nucleon cm-system, respectively. Together
with the standard Chew-Goldberger-Low-Nambu amplitude F2 [99],they describe the
spin-independent elementary cross section:
dσNS
dΩ
(
E∗γ , θ
∗
pi
)
=
1
2
q∗pi
k∗
∣∣F2 (E∗γ , θ∗pi)∣∣2 sin2 (θ∗pi) . (27)
To reliably infer nuclear-structure information, a more comprehensive description of
the process in combination with a realistic characterization of the nucleus is needed.
Coherent pi0 photoproduction is usually studied within the Distorted Wave Impulse
Approximation (DWIA) [97, 100]. It was indeed shown that the interaction between
the pion and the nucleus in the exit channel can play a significant role [94, 95, 97]. It
is therefore necessary to account for the strong distortions of the pion as it exits the
nucleus. In addition, a good description of the nuclear density is needed to properly
study its potential sensitivity to the neutron skin.
Predictions from the model of Drechsel et al. [97] were applied to the reported
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measurement of Ref. [98]. It is a unitary isobar model which incorporates a
complex optical potential for the pion-nucleus interaction and a self-energy term for
∆ propagation effects in the nucleus. To describe the nuclear shape within the
theoretical calculation, a weighted average of the proton and neutron distributions has
been used, each separately parametrized by a two-parameter Fermi distribution. Since
the charge density distribution was obtained from high precision electron scattering
experiments [101], this information was sufficient to extract from the measured cross
section a neutron-skin thickness of R208skin = 0.15± 0.03(stat.)+0.01−0.03(sys.) fm.
The reported precision on the neutron skin from the measured cross section has been a
matter of intense debate within the community since the result was first published in
2014 (see for example Ref. [102]). Whereas the experimental error in the determination
of the cross section may be realistic, it has been argued that the theoretical error is
grossly underestimated due to a myriad of contributions that were either underestimated
or ignored, such as pion charge exchange, accurate knowledge of the optical potential,
non localities, and medium modifications of nucleon resonances.
To further investigate the suitability of this technique to extract neutron-skin thicknesses
a concerted experimental and theoretical effort is being undertaken. Using the same
experimental setup as in Ref. [98], a follow-up measurement [103] has been performed
at MAMI with the goal of extracting the neutron-skin thickness along an isotopic chain
(116,120,124Sn) in order to study both the emergence and isotopic evolution of the neutron
skin with increasing neutron-proton asymmetry. Moreover, such a study has the distinct
advantage that by comparing the coherent yield of two isotopes any major systematic
model uncertainty will largely cancel.
To improve the nuclear description beyond the simplistic Fermi distributions used in
earlier studies, ground state proton and neutron densities have been furnished for most
tin isotopes using density functional theory (DFT). Whereas all functionals reproduce
the binding energy and charge radii of magic and semi-magic nuclei, they nevertheless
generate a wide range of values for both the symmetry energy and its slope at saturation
density [104]. The theoretical predictions displayed in Fig. 17 (compared with old data
from proton scattering, antiprotonic atoms and electric dipole response) suggest a
difference between the neutron-skin thicknesses of 116Sn and 124Sn that lies within the
claimed experimental precision of the coherent pi0 photoproduction technique [98], albeit
for the cautionary comment of Ref. [102].
In addition, a more advanced DWIA code is currently being developed, which will enable
the inclusion of the nuclear densities from the aforementioned DFT calculations and to
improve the pion-nucleus potential used in the exit channel. The interaction between
the pion and the nucleus is difficult to obtain since there are very few sets of data for
the elastic scattering of a neutral pion impinging on a nucleus. Therefore the potential
has to be built from first principles. At first order, this corresponds to the folding of a
pion-nucleon interaction with the nuclear density of the target. Such a technique is well
known [106], but first results showed that this first-order estimate provides poor results
for the scattering of charged pions off 12C, for which a large set of data already exist.
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Figure 17. Neutron-skin thickness for some tin isotopes, extracted from experiments
using hadronic probes [53, 88, 56, 68, 105], are compared against theoretical calculations
with density functionals that predict a different behavior for the value (J) and slope
(L) of the symmetry energy at saturation density (full lines) [104].
Implementing the second order, which accounts for a two-step scattering of the pion
within the nucleus, improved the agreement with the data. In addition, it has been seen
that a fine adjustment of the parameters of the pion-nucleon interaction – corresponding
to in-medium effects of the pion-nucleon scattering – enabled a near-perfect agreement
with the data. Once the parameters of the pion-nucleus optical potential are fixed, the
new DWIA code will provide a more reliable tool to analyze the data gathered at MAMI.
In particular, rather than fitting Fermi parameters from the data, one will be able to
examine – in analogy with the proton scattering results displayed in Fig. 10 – whether
the data is able to discriminate among models with significantly different values for the
neutron skin. If the program proves successful, then the coherent pi0 photoproduction
reaction could be added to the large arsenal of experimental tools used to extract the
neutron-skin thickness of a large variety of stable nuclei.
5. Neutron Skin: above and ahead
5.1. From Deep Inside to Outer Space
The structure of spherical neutron stars in hydrostatic equilibrium is uniquely
determined by the EOS of neutron rich matter, namely, the pressure as a function
of energy density. Observations of neutron star masses and radii directly constrain
the EOS. Indeed, a complete determination of the Mass-versus-Radius relationship will
uniquely constrain the EOS [107]. Low values for the maximum neutron-star mass and
small stellar radii would reflect a soft EOS, namely, one in which the pressure increases
slowly with energy density. In contrast, a stiff EOS in which the pressure increases
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rapidly with density would generate a large value for the maximum mass and large
radii. In particular, the maximum stellar mass depends critically on the EOS at the
highest densities found in the star. Indeed, the observations of two neutron stars each
with a mass of about two solar masses [108],[109] had immediate implications on the
EOS: the pressure of matter at high densities must be sufficiently stiff to support a
two solar mass neutron star against gravitational collapse into a black hole. Stellar
radii on the other hand are dominated—as the neutron-skin thickness of 208Pb—by the
EOS in the immediate vicinity of nuclear matter saturation density [14]. Although the
structure and composition of neutron stars is both interesting and complex, its most
salient features, namely, its radius and its mass, are largely controled by the uniform
liquid core, assumed to consist of neutrons, protons, electrons, and muons in chemical
equilibrium. Indeed, while fascinating non-uniform phases such as Coulomb crystals
and nuclear pasta are speculated to exist in the stellar crust, the uniform core accounts
for practically all the mass and for about 90% of the size of a neutron star. This is the
main reason behind the correlation between neutron-star radii and the neutron skin of
heavy nuclei. Note that there is also the intriguing possibility that deep into the core
new phases emerge, such as hyperons, meson condensates, and quark matter. We briefly
address such possibility below in the context of the historical first detection of a binary
neutron star merger.
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Figure 18. Covariance ellipses displaying the correlation between the slope of the
symmetry energy L and stellar radii for a 0.8M and a 1.4M neutron star, as
predicted by the relativistic density functional FSUGold [28].
To accentuate the connection between stellar radii and the neutron-skin thickness of
208Pb, or equivalently the slope of the symmetry energy L (see Fig.5), we display in
Fig.18 covariance ellipses for a 0.8M and a 1.4M neutron star. Low-mass neutron
stars have central densities that are only a few times larger than saturation density [19].
For example, FSUGold predicts that a 0.8M neutron star has a core density that is
only twice as large, so its radius is strongly influenced by the symmetry energy near
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saturation density – as is also the neutron-skin thickness of 208Pb. This results in a
correlation coefficient nearly equal to one. Although the correlation remains strong
even in the case of a 1.4M neutron star, the minor weakening is due to the larger
range of densities span in such a star, where the core density now exceeds three times
the density at saturation.
In August of 2017, the dawn of a new era of multimessenger astronomy started with the
first direct detection of a binary neutron star merger (GW170817) by the LIGO-Virgo
collaboration [4]. In analogy to the electric dipole polarizability αD that represents
the response of the nucleus to an external electric field, the tidal polarizability (or
deformability) describes the tendency of a neutron star to develop a mass quadrupole
as a response to the tidal field induced by its companion. In particular, the tidal
polarizability is highly sensitive to the compactness, defined as the ratio of the stellar
radius to the stellar mass. That is,
Λ =
2
3
k2
(
c2RNS
GM
)5
, (28)
where M and RNS denote the neutron star mass and radius, respectively, and k2 is the
second tidal Love number [110]. Note that for a given radius-to-mass ratio, the entire
dependence of Λ lies on k2. In turn, k2 is computed from the quadrupole component of
the gravitational potential induced by the companion at the surface of the star and as
such, depends on the mass, pressure, and energy density profiles of the star [111].
The very first detection of a neutron-star merger was able to impose significant
limits on various neutron-star properties. Indeed, an upper limit was placed on the
radius of a 1.4M neutron star of R1.4NS . 13.76 km [112]. Moreover, given the strong
correlation between the neutron-skin thickness of heavy nuclei and the radius of a
neutron star, GW170817 has (indirect) bearing on the thickness of the neutron skin
of 208Pb. For example, by relying exclusively on those theoretical models that are
consistent with the tidal polarizability extracted from GW170817, an upper limit of
R208skin . 0.25 fm was obtained for the neutron-skin thickness of 208Pb. These multiple
connections are displayed in Fig. 19 where a collection of relativistic density functionals
are confronted against both experimental and observational results. These include
the tidal polarizability for a 1.4M neutron star obtained from GW170817 and the
neutron-skin thickness of 208Pb extracted from PREX. The third observing run by the
LIGO-Virgo collaboration is scheduled to start in 2019 with the expectation of more
detections of neutron-star mergers that will improve on the present constraints from
GW170817. Also in 2019, PREX-II will determine R208skin with a 0.06 fm precision, an
improvement of a factor of three relative to PREX. The precision could improve even
further, by an additional factor of two, at the MESA facility in Mainz. The projected
error bars for PREX-II and MREX are displayed in Fig. 19 centered at an arbitrary
value. Although compelling, the correlation between R208skin (or equivalently L) and the
radius of a neutron star weakens with increasing stellar mass; see Fig.18. This suggests
an intriguing possibility. If the more precise future parity violation experiments at JLab
and MESA confirm that R208skin is large indeed, this will suggest that the EOS at the
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typical densities found in atomic nuclei is fairly stiff. In contrast, the relatively small
radius of a 1.4M neutron star suggested by GW170817 implies that the symmetry
energy at slightly higher densities becomes soft. The evolution from stiff to soft may be
indicative of a phase transition – perhaps to deconfined quark matter – in the interior
of neutron-stars [12].
We note that at the time of this writing a more recent analysis by the LIGO-Virgo
collaboration reported an even more stringent limit on the tidal polarizability of a 1.4M
neutron star of Λ1.4 = 190
+390
−120 [113]. This limit was obtained by relaxing some of the
assumptions considered during the original analysis reported in the discovery paper. In
particular, the revised analyses assumes that both colliding bodies—as perhaps most
people originally assumed—are neutron stars that are described by the same equation
of state. Naturally, this stringent limit pushes stellar radii to even smaller values.
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Figure 19. Constraints provided on density functional theory by combining
the tidal polarizability parameter Λ1.4 of GW170817 observed by the LIGO-Virgo
collaboration [4] and their more recent analysis [113] together with present and future
208Pb neutron-skin measurements. The measured PREX point is shown [27] and the
projected precisions of PREX-II [33] and MREX are shown centered at an arbitrary
value (figure adapted from [112] copyrighted by the American Physical Society)
5.2. The next decade
The first operating run by the advanced LIGO-Virgo collaboration [114, 115] saw decades
of hard work by thousands of researchers culminate on September 14, 2015 with the first
direct detection of gravitational waves from the merger of two black holes [116]. This
watershed event marked the beginning of a new era of gravitational wave astronomy. Not
even two years later on August 17, 2017, gravitational waves from the very first direct
detection of a binary neutron star merger (GW170817) were recorded by the LIGO-Virgo
Neutron skins of atomic nuclei: per aspera ad astra 35
collaboration [4]. In turn, the associated short gamma-ray burst and electromagnetic
afterglow were recorded by a host of telescopes operating over the entire electromagnetic
spectrum, thereby opening the exciting new era of multimessenger astronomy. In the
quest to reach full detector sensitivity, advanced LIGO and advanced Virgo are likely to
detect dozens of compact binary coalescence sources per year (for binary neutron stars,
the detection range may reach 210 Mpc [117]). For comparison, GW170817 was detected
at a distance of about 40 Mpc. Moreover, the improved sensitivity will likely allow for
the observation of post-merger oscillations which will further constrain the EOS [118].
Observational progress on cold dense matter has also moved steadily forward with
radio pulsars, X-ray spectral timing observations on radio pulsars [119]. Millisecond
radio pulsars permit accurate (∼ 1%) measurements of neutron star masses, which
provide an observational lower limit on the maximum mass of a stable neutron star.
Exponentially increasing numbers of millisecond radio pulsars, discovered with LOFAR
(LOw-Frequency ARray) and the SKA (Square Kilometre Array), will mean ever more
stringent mass limits, challenging proposed EOSs. These observations will complement
– and perhaps even challenge – a theoretical upper limit on the maximum neutron star
mass obtained from GW170817 [120].
X-ray spectral and timing observations of type I X-ray (thermonuclear) bursts, of
thermally emitting neutron stars, and of X-ray pulsars have offered mass-radius
constraints on close to a dozen neutron stars using NASA/RXTE (Rossi X-ray Timing
Explorer), NASA/CXO (Chandra X-ray Observatory), and ESA/XMM-Newton (X-
ray Multi-Mirror). These X-ray observations are now being consolidated, to formulate
observing strategies for ATHENA+ (Advanced Telescope for High Energy Astrophysics),
an approved ESA Large Mission under construction for a 2028 launch. ATHENA+ will
provide close to an order of magnitude greater throughput and almost two orders of
magnitude higher spectral resolution. The NASA observatory Neutron star Interior
Composition ExploreR (NICER) aboard the International Space Station was launched
in June 2017 with a mission designed specifically for the study of neutron stars. NICER
will use rotational phase resolved X-ray spectroscopy to constrain neutron star radii.
While a new era of multimessenger astronomy has started, with only one detection of
a binary neutron star merger, the field is still in its infancy and much excitement is in
store. Eagerly awaiting for the next galactic supernova, the community anticipates the
simultaneous detection of neutrinos, electromagnetic, and gravitational waves. Yet a
true breakthrough in our understanding of neutron-rich matter can only be attained by
combining results from both terrestrial laboratories and astrophysical observations. On
a relatively short time scale, the neutron-skin thicknesses of 208Pb (PREX-II) will be
measured with improved precision at JLab and with even better precision at the future
MESA accelerator. Combining PREX-II with the upcoming CREX measurement on
48Ca at JLab will provide a powerful bridge between ab initio calculations of medium-
size nuclei and Density Functional Theory. The latter is the only theoretical alternative
at present that can be used to compute the properties of both atomic nuclei and
neutron stars within a single unified framework. In addition, PREX-II and CREX will
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deliver calibration anchors for future measurements of neutron skins with alternative
experimental methods far less challenging than parity violation. In particular, hadronic
probes will be extensively used at future radioactive ion beam facilities to measure
the neutron-skin thickness of exotic nuclei with very large skins. Experiments with
radioactive beams will continue to improve our knowledge of atomic nuclei. The new
generation of flagship facilities – with high intensities over a wide range of nuclides –
will be the future for answering nuclear science key questions. Isotopes far from the
valley of stability will become accessible at both FAIR [73] and FRIB[71], opening the
floodgates of high precision studies of the isotopic dependence of the neutron skin,
thereby constraining the stiffness of the symmetry energy.
A brand-new electron scattering facility in Japan, the SCRIT (Self-Confining RI Ion
Target) Electron Scattering Facility, has started its operation at RIKEN’s Radioactive
Ion Beam Factory [121]. This is the world first electron scattering facility dedicated
to the study of short-lived isotopes. The goal of this facility is to determine the
charge density of short-lived exotic nuclei by elastic electron scattering. As in the case
of other electroweak experiments, SCRIT could provide valuable anchors to calibrate
future experiments using intermediate-energy proton scattering. Thus, the suite of both
electroweak and hadronic experiments would provide sensitive tests to nuclear-structure
models far away from stability.
A novel method has been proposed [122] to study the neutron density distribution in
neutron-rich nuclei through the annihilation of antiprotons from the tail of nuclear
densities. The PUMA (antiProton Unstable Matter Annihilation) project foresees
combining the advantage of antiprotons with radioactive beams. This novel technique
is based on the storage of antiprotons at the Antiproton Decelerator of CERN in
a transportable magnetic trap to ISOLDE, the rare-isotope beam facility where the
experiments will be performed.
This world-wide experimental effort to constrain the density dependence of the
symmetry energy will also involve the collision of heavy ions over a wide range of
energies and using highly asymmetric nuclei ([123] and references therein). Given that
neutron-star radii are sensitive to the symmetry energy in the vicinity of saturation
density, heavy-ion collisions can be tuned to probe these densities using very neutron-
rich isotopes. At even higher energies, the density dependence of the symmetry energy
can be investigated via central collisions of energetic heavy nuclei. Central collisions
of energetic heavy ions are the only means of creating nuclear matter at the largest
densities accessible in the laboratory. However, great care must be exercised in the
extraction of the EOS from the measured observables as this process is hampered by
large uncertainties. A collision progresses through several stages, all of which affects the
final state. To isolate the signals from high-density matter, dedicated observables were
developed such as elliptic and sideward flow, differential flow, isoscaling power, kaon
yields, and charged-pion ratios (among the most recent publications on this topic see
[124],[125] and references therein). Projects and facilities dedicated to study all these
observables are in the process of being completed.
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6. Conclusions
Neutron rich matter is at the heart of many fundamental questions in Nuclear Physics
and Astrophysics. Two of these questions – “What are the new states of matter at
exceedingly high density and temperature?” and “How were the elements from iron to
uranium made?” – have been nicely articulated in “Eleven science questions for the next
century”, a document prepared by the National Academies Committee on the Physics
of the Universe [126]. Ultra sensitive gravitational wave observatories, earth- and space
based telescopes operating at a variety of wavelengths, and new terrestrial facilities
probing atomic nuclei at the limits of their existence are on the verge of unveiling the
answers.
Neutron rich matter is a remarkably versatile material that can be studied through a
variety of probes. Astrophysical observations probe neutron rich matter in the cosmos
using electromagnetic radiation, neutrinos, and gravitational waves. In the laboratory,
both hot and dense matter can be formed and probed in heavy ion collisions. Even
more exotic conditions will be attained in future radioactive-beam facilities. Less exotic
but equally valuable are experiments on stable neutron-rich nuclei. One of the key
observables in this endeavor and the one at the center of this review is the neutron-
skin thickness. Contrary to our detailed knowledge of nuclear charge densities, our
understanding of neutron densities is still limited. Colloquially, we aim to determine
where do the 44 extra neutrons in 208Pb go. The elusive answer to such a seemingly
simple question holds the key to understanding a variety of phenomena. Indeed,
the development of a neutron rich skin in 208Pb has important consequences in the
development of effective nuclear models that aim to describe within a single unified
framework the dynamics of both atomic nuclei and neutron stars. In particular, we know
that despite a difference in size of 18 orders in magnitude the neutron-skin thickness of
208Pb and the radius of a neutron star are strongly correlated – especially in the case of
low mass stars.
Though mounting experimental evidence exists in favor of a neutron-rich skin in 208Pb,
a precise and model independent determination of this quantity continues to elude
experiment. In this topical review we have outlined quantitatively the strengths and
limitations of the arsenal of experimental techniques currently used for measuring the
neutron-skin thickness of 208Pb. Moreover, we have addressed both the statistical
and systematic errors inherent to the theoretical models that are used to connect the
measured experimental observable to the neutron skin. Indeed, none of the experimental
techniques discussed in this review provide a direct determination of the neutron-
skin thickness of 208Pb. Yet, even sizable theoretical uncertainties do not necessarily
invalidate or make these predictions unusable. To quote George Box [42]: “Remember
that all models are wrong; the practical question is how wrong do they have to be to not
be useful”. In other words, theoretical uncertainties can be accepted as long as they are
known and under control.
“Per aspera ad astra”: Given that a direct measurement of the neutron skin is unfeasible,
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it is a rough road that leads from the measurable observable to the neutron skin. Indeed,
it appears that the easier the experiment the harder the theoretical interpretation.
For example, electroweak experiments are theoretically the cleanest to decode, yet
are enormously challenging to perform. Conversely, experiments involving strongly-
interacting probes yield large cross sections, yet rely heavily on implicit assumptions
(impulse approximation, off-shell ambiguities, distortion effects to mention a few)
that severely compromise the extraction of the neutron skin. To complicate matters
further, a systematic study of the sensitivity of the neutron skin to these approximation
is rarely implemented. As new opportunities emerge at state-of-the-art facilities
such as ARIEL, FAIR, FRIB, MESA and RIKEN a quantitative assessment of both
statistical and systematic errors will become mandatory. We are entering a new era
in which statistical insights will become essential and uncertainty quantification will
be demanded. Theoretical error bars turn model predictions into a theory informing
experiments. In turn, new measurements drive new theoretical efforts which uncover
new puzzles that define future experimental programs.
It is certain that as we enter the new era of multimessenger astronomy the strong
bonds between nuclear physics and astrophysics will grow even stronger. Since the very
early predictions by Oppenheimer and Volkoff that neutron stars with masses as low
as 0.7M will collapse into black holes, nuclear physics was elevated to the forefront
of the field. Since then, predictions of the structure, dynamics, and composition of
neutron stars using modern nuclear physics tools are constantly refined through ever
increasingly sophisticated observations. The aim of this topical review was to provide a
detailed status of the field and to carve a path as we move forward. We trust that this
review will become a long-lasting document that will both animate and illuminate the
nature of neutron rich matter.
7. Acknowledgments
We gratefully acknowledge the support of our program “Neutron Skin of Nuclei” by the
PRISMA Cluster of Excellence and the Mainz Institute for Theoretical Physics, MITP .
We thank the many colleagues that participated in the program for their contributions
and insights.
This material is based upon work supported by the U.S. Department of Energy
Office of Science, Office of Nuclear Physics under Awards DE-FG02-87ER40365 (Indiana
University) and Number DE-FG02-92ER40750 (Florida State University) and the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), through the
Collaborative Research Center [The Low-Energy Frontier of the Standard Model,
Projektnummer 204404729 - SFB 1044].
Neutron skins of atomic nuclei: per aspera ad astra 39
[1] C. J. Horowitz, E. F. Brown, Y. Kim, W. G. Lynch, R. Michaels, A. Ono, J. Piekarewicz, M. B.
Tsang, and H. H. Wolter. A way forward in the study of the symmetry energy: experiment,
theory, and observation. J. Phys., G41:093001, 2014.
[2] Baldo M. and Burgio G.F. The nuclear symmetry energy. Prog. Part. Nucl. Phys., 91:203–258,
2016.
[3] Roca-Maza X. and Paar N. The nuclear equation of state from ground and collective excited
state properties of nuclei. Prog. Part. Nucl. Phys., 101:96–176, 2018.
[4] B. P. Abbott et al. GW170817: Observation of Gravitational Waves from a Binary Neutron Star
Inspiral. Phys. Rev. Lett., 119(16):161101, 2017.
[5] Mainz Institute for Theoretical Physics. Workshop: Neutron Skins of Nuclei, 2016.
https://indico.mitp.uni-mainz.de/event/47/timetable.
[6] G. Fricke, C. Bernhardt, K. Heilig, L. A. Schaller, L. Schellenberg, E. B. Shera, and C. W.
de Jager. Nuclear Ground State Charge Radii from Electromagnetic Interactions. Atom. Data
Nucl. Data Tabl., 60:177–285, 1995.
[7] I. Angeli and K. P. Marinova. Table of experimental nuclear ground state charge radii: An
update. Atom. Data Nucl. Data Tabl., 99(1):69–95, 2013.
[8] Robert Hofstadter. Electron scattering and nuclear structure. Rev. Mod. Phys., 28:214–254,
1956.
[9] Isao Tanihata. Neutron halo nuclei. J. Phys., G22:157–198, 1996.
[10] I. Tanihata et al. Measurements of Interaction Cross-Sections and Radii of He Isotopes. Phys.
Lett., 160B:380–384, 1985.
[11] C. J. Horowitz and J. Piekarewicz. Neutron star structure and the neutron radius of Pb-208.
Phys. Rev. Lett., 86:5647, 2001.
[12] Charles J. Horowitz and Jorge Piekarewicz. The Neutron radii of Pb-208 and neutron stars.
Phys. Rev., C64:062802, 2001.
[13] J. R. Oppenheimer and G. M. Volkoff. On Massive neutron cores. Phys. Rev., 55:374–381, 1939.
[14] James M. Lattimer and Maddapa Prakash. Neutron Star Observations: Prognosis for Equation
of State Constraints. Phys. Rept., 442:109–165, 2007.
[15] X. Roca-Maza, M. Centelles, X. Vin˜as, and M. Warda. Neutron skin of 208Pb, nuclear symmetry
energy, and the parity radius experiment. Phys. Rev. Lett., 106:252501, 2011.
[16] B. Alex Brown. Neutron radii in nuclei and the neutron equation of state. Phys. Rev. Lett.,
85:5296–5299, 2000.
[17] R. J. Furnstahl. Neutron radii in mean field models. Nucl. Phys., A706:85–110, 2002.
[18] M. Centelles, X. Roca-Maza, X. Vin˜as, and M. Warda. Nuclear symmetry energy probed by
neutron skin thickness of nuclei. Phys. Rev. Lett., 102:122502, 2009.
[19] J. Carriere, C. J. Horowitz, and J. Piekarewicz. Low mass neutron stars and the equation of
state of dense matter. Astrophys. J., 593:463–471, 2003.
[20] F. J. Fattoyev and J. Piekarewicz. Neutron skins and neutron stars. Phys. Rev., C86:015802,
2012.
[21] Wei-Chia Chen and J. Piekarewicz. Building relativistic mean field models for finite nuclei and
neutron stars. Phys. Rev., C90(4):044305, 2014.
[22] C. F. V. Weizsa¨cker. Zur Theorie der Kernmassen. Z. Phys., 96:431–458, 1935.
[23] H. A. Bethe and R. F. Bacher. Nuclear Physics A. Stationary States of Nuclei. Rev. Mod. Phys.,
8:82–229, 1936.
[24] J. Piekarewicz and M. Centelles. Incompressibility of neutron-rich matter. Phys. Rev.,
C79:054311, 2009.
[25] J. Piekarewicz and S. P Weppner. Insensitivity of the elastic proton-nucleus reaction to the
neutron radius of Pb-208. Nucl. Phys., A778:10–21, 2006.
[26] T. W. Donnelly, J. Dubach, and Ingo Sick. Isospin Dependences in Parity Violating Electron
Scattering. Nucl. Phys., A503:589–631, 1989.
[27] S. Abrahamyan et al. Measurement of the Neutron Radius of 208Pb Through Parity-Violation
Neutron skins of atomic nuclei: per aspera ad astra 40
in Electron Scattering. Phys. Rev. Lett., 108:112502, 2012.
[28] B. G. Todd-Rutel and J. Piekarewicz. Neutron-Rich Nuclei and Neutron Stars: A New Accurately
Calibrated Interaction for the Study of Neutron-Rich Matter. Phys. Rev. Lett., 95:122501, 2005.
[29] C.J. Horowitz. Parity violating elastic electron scattering and Coulomb distortions. Phys.Rev.,
C57:3430–3436, 1998.
[30] C. J. Horowitz et al. Weak charge form factor and radius of 208Pb through parity violation in
electron scattering. Phys. Rev., C85:032501, 2012.
[31] Wei-Chia Chen and J. Piekarewicz. Searching for isovector signatures in the neutron-rich oxygen
and calcium isotopes. Phys. Lett., B748:284, 2015.
[32] C. J. Horowitz, S. J. Pollock, P. A. Souder, and R. Michaels. Parity violating measurements of
neutron densities. Phys. Rev., C63:025501, 2001.
[33] K. Paschke, K. Kumar, R. Michaels, P. A. Souder, and G. M. Urciuoli.
PREX-II: Precision parity-violating measurement of the neutron skin of lead.
http://hallaweb.jlab.org/parity/prex/prexII.pdf, Proposal to Jefferson Lab PAC 38, 2011.
[34] J. Mammei et al. CREX: Parity-violating measurement of the weak charge distribution of
ca to 0.02 fm accuracy. http://hallaweb.jlab.org/parity/prex/c-rex2013 v7.pdf, Proposal to
Jefferson Lab PAC 40, 2013.
[35] G. Hagen et al. Neutron and weak-charge distributions of the 48Ca nucleus. Nature Phys.,
12(2):186–190, 2015.
[36] Dominik Becker et al. The P2 Experiment - A future high-precision measurement of the
electroweak mixing angle at low momentum transfer. Eur. Phys. J, A54(11):208, 2018.
[37] F. J. Fattoyev and J. Piekarewicz. Accurate calibration of relativistic mean-field models:
correlating observables and providing meaningful theoretical uncertainties. Phys. Rev.,
C84:064302, 2011.
[38] The Editors. Editorial: Uncertainty estimates. Phys. Rev. A, 83:040001, Apr 2011.
[39] P. G. Reinhard and W. Nazarewicz. Information content of a new observable: The case of the
nuclear neutron skin. Phys. Rev., C81:051303, 2010.
[40] P. G. Reinhard and W. Nazarewicz. Information content of the low-energy electric dipole
strength: correlation analysis. Phys. Rev., C87(1):014324, 2013.
[41] P. G. Reinhard, J. Piekarewicz, W. Nazarewicz, B. K. Agrawal, N. Paar, and X. Roca-Maza.
Information content of the weak-charge form factor. Phys. Rev., C88(3):034325, 2013.
[42] J. Dobaczewski, W. Nazarewicz, and P. G. Reinhard. Error Estimates of Theoretical Models: a
Guide. J. Phys., G41:074001, 2014.
[43] D. G.. Ireland and W. Nazarewicz. Enhancing the interaction between nuclear experiment and
theory through information and statistics. J. Phys., G42(3):030301, 2015.
[44] J. Piekarewicz, Wei-Chia Chen, and F. J. Fattoyev. Information and statistics: a new paradigm
in theoretical nuclear physics. J. Phys., G42(3):034018, 2015.
[45] P. C. Gregory. Bayesian logical data analysis for the physical sciences. Cambridge University
Press, Cambridge, UK, 2005.
[46] J. V. Stone. Bayes’ rule: A tutorial introduction to bayesian analysis. Sebtel Press, Sheffield,
UK, 2013.
[47] M. H. Mahzoon, M. C. Atkinson, R. J. Charity, and W. H. Dickhoff. Neutron Skin Thickness
of 48Ca from a Nonlocal Dispersive Optical-Model Analysis. Phys. Rev. Lett., 119(22):222503,
2017.
[48] B. Tatischeff, I. Brissaud, and L. Bimbot. Neutron Radius of Pb-208 from 166-MeV Alpha-
Particle Scattering. Phys. Rev., C5:234–237, 1972.
[49] G. Dugan, S. Childress, L. M. Lederman, L. E. Price, and T. Sanford. Elastic scattering of
low-energy pions and muons from lead. Phys. Rev., C8:909–921, 1973.
[50] L. Ray and G. W. Hoffmann. Relativistic and nonrelativistic impulse approximation descriptions
of 300-mev - 1000-mev proton + nucleus elastic scattering. Phys. Rev., C31:538–560, 1985.
[51] V. E. Starodubsky and N. M. Hintz. Extraction of neutron densities from elastic proton scattering
Neutron skins of atomic nuclei: per aspera ad astra 41
by Pb-206, Pb-207, Pb-208 at 650-MeV. Phys. Rev., C49:2118–2135, 1994.
[52] J. Zenihiro et al. Neutron density distributions of Pb-204, Pb-206, Pb-208 deduced via proton
elastic scattering at Ep=295 MeV. Phys. Rev., C82:044611, 2010.
[53] L. Ray, W. R. Coker, and G. W. Hoffmann. Uncertainties in Neutron Densities Determined from
Analysis of 0.8-GeV Polarized Proton Scattering from Nuclei. Phys. Rev., C18:2641–2655,
1978.
[54] D. P. Murdock and C. J. Horowitz. Microscopic Relativistic Description of Proton - Nucleus
Scattering. Phys. Rev., C35:1442–1462, 1987.
[55] D. A. Hutcheon et al. The Elastic Scattering of Intermediate-energy Protons From 40Ca and
208Pb. Nucl. Phys., A483:429–460, 1988.
[56] A. Trzcin´ska, J. Jastrze¸bski, P. Lubin´ski, F. J. Hartmann, R. Schmidt, T. von Egidy, and B. Klos.
Neutron density distributions deduced from anti-protonic atoms. Phys. Rev. Lett., 87:082501,
2001.
[57] Chabanat E., Bonche P, Haenel P, Meyer J, and Schaeffer F. A Skyrme parametrization from
subnuclear to neutron star densities Part II. Nuclei far from stabilities. Nucl. Phys., A635:231–
256, 1998.
[58] M. N. Harakeh and A. van der Woude. Giant Resonances-Fundamental High-frequency Modes of
Nuclear Excitation. Clarendon, Oxford, 2001.
[59] Myers W.D., wiatecki W. J., Kodama T., El-Jaick L. J., and Hilf E. R. Droplet model of the
giant dipole resonance. Phy. Rev., C15:2031–2043, 1977.
[60] J. Piekarewicz. Pygmy dipole resonance as a constraint on the neutron skin of heavy nuclei.
Phys. Rev., C73:044325, 2006.
[61] Nils Paar, Dario Vretenar, Elias Khan, and Gianluca Colo`. Exotic modes of excitation in atomic
nuclei far from stability. Rept. Prog. Phys., 70:691–794, 2007.
[62] Andrea Carbone, Col Gianluca, Angela Bracco, Li-Gang Cao, Pier Francesco Bortignon, Franco
Camera, and Oliver Wieland. Constraints on the symmetry energy and on neutron skins from
the pygmy resonances in 68Ni and 132Sn. Phys. Rev., C81:041301, 2010.
[63] A. Bracco, E. G. Lanza, and A. Tamii. Isoscalar and isovector dipole excitations: Nuclear
properties from low-lying states and from the isovector giant dipole resonance. Prog. Part.
Nucl. Phys., 106:360–433, 2019.
[64] A. Zilges, S. Volz, M. Babilon, T. Hartmann, P. Mohr, and K. Vogt. Concentration of electric
dipole strength below the neutron separation energy in N=82 nuclei. Phys. Lett., B542:43,
2002.
[65] S. Volz, N. Tsoneva, M. Babilon, M. Elvers, J. Hasper, R. D. Herzberg, H. Lenske, K. Lindenberg,
D. Savran, and A. Zilges. The photoresponse of stable N = 82 nuclei below 10 MeV. Nucl.
Phys., A779:1–20, 2006.
[66] N. Ryezayeva, T. Hartmann, Y. Kalmykov, H. Lenske, P. von Neumann-Cosel, V. Yu. Ponomarev,
A. Richter, A. Shevchenko, S. Volz, and J. Wambach. Nature of Low-Energy Dipole Strength in
Nuclei: The Case of a Resonance at Particle Threshold in P-208b. Phys. Rev. Lett., 89:272502,
2002.
[67] K. Govaert, F. Bauwens, J. Bryssinck, D. De Frenne, E. Jacobs, W. Mondelaers, L. Govor, and
V. Yu. Ponomarev. Dipole excitations to bound states in Sn-116 and Sn-124. Phys. Rev.,
C57:2229–2249, 1998.
[68] A. Klimkiewicz et al. Nuclear symmetry energy and neutron skins derived from pygmy dipole
resonances. Phys. Rev., C76:051603, 2007.
[69] O. Wieland et al. Search for the Pygmy Dipole Resonance in Ni-68 at Me-600V/nucleon. Phys.
Rev. Lett., 102:092502, 2009.
[70] P. Adrich et al. Evidence for Pygmy and Giant Dipole Resonances in Sn-130 and Sn-132. Phys.
Rev. Lett., 95:132501, 2005.
[71] Aprahamian Ani et al. Reaching for the horizon: The 2015 long range plan for nuclear science.
2015.
Neutron skins of atomic nuclei: per aspera ad astra 42
[72] J. Dilling, R. Kru¨cken, and L. Merminga. Ariel overview. Hyperfine Interactions, 225(1):253–262,
2014.
[73] Gesellscahft fu¨r Schwerionenforschung. An International Accelerator Facility for Beams of Ions
and Antiprotons. FAIR Conceptual Design Report, 2001.
[74] J. Piekarewicz. Pygmy Resonances and Neutron Skins. Phys. Rev., C83:034319, 2011.
[75] A. Tamii et al. Complete electric dipole response and the neutron skin in 208Pb. Phys. Rev.
Lett., 107:062502, 2011.
[76] I. Poltoratska et al. Pygmy dipole resonance in 208Pb. Phys. Rev., C85:041304, 2012.
[77] K. P. Schelhaas, J. M. Henneberg, M. Sanzone-Arenho¨vel, N. Wieloch-Laufenberg, U. Zurmu¨hl,
B. Ziegler, M. Schumacher, and F. Wolf. Nuclear photon scattering by 208 Pb. Nucl. Phys.,
A489:189–224, 1988.
[78] A. Veyssie`re, H. Beil, R. Berge`re, P. Carlos, and A. Lepreˆtre. Photoneutron cross sections of 208
Pb and 197 Au. Nucl. Phys., A159:561–576, 1970.
[79] J. Piekarewicz, B. K. Agrawal, G. Colo, W. Nazarewicz, N. Paar, P. G. Reinhard, X. Roca-Maza,
and D. Vretenar. Electric dipole polarizability and the neutron skin. Phys. Rev., C85:041302,
2012.
[80] X. Roca-Maza, M. Centelles, X. Vin˜as, M. Brenna, G. Colo`, B. K. Agrawal, N. Paar,
J. Piekarewicz, and D. Vretenar. Electric dipole polarizability in 208Pb: Insights from the
droplet model. Phys. Rev., C88(2):024316, 2013.
[81] T. Hashimoto et al. Dipole polarizability of 120Sn and nuclear energy density functionals. Phys.
Rev., C92(3):031305, 2015.
[82] J. Birkhan et al. Electric dipole polarizability of 48Ca and implications for the neutron skin.
Phys. Rev. Lett., 118(25):252501, 2017.
[83] B. O¨zel-Tashenov et al. Low-energy dipole strength in 112,120Sn. Phys. Rev., C90(2):024304,
2014.
[84] S. C. Fultz, B. L. Berman, J. T. Caldwell, R. L. Bramblett, and M. A. Kelly. Photoneutron
Cross Sections for Sn-116, Sn-117, Sn-118, Sn-119, Sn-120, Sn-124, and Indium. Phys. Rev.,
186:1255–1270, 1969.
[85] H. Utsunomiya et al. Photoneutron cross sections for 118– Sn-124 and the gamma-ray strength
function method. Phys. Rev., C84:055805, 2011.
[86] A. Lepreˆtre, H. Beil, R. Berge`re, P. Carlos, J. Fagot, A. De Miniac, and A. Veyssie`re.
Measurements of the Total Photonuclear Cross-sections From 30-MeV to 140-MeV for SN,
Ce, Ta, Pb and U Nuclei. Nucl. Phys., A367:237–268, 1981.
[87] X. Roca-Maza, X. Vin˜as, M. Centelles, B. K. Agrawal, G. Colo`, N. Paar, J. Piekarewicz, and
D. Vretenar. The neutron skin thickness from the measured electric dipole polarizability in
68Ni, 120Sn, and 208Pb. Phys. Rev., C92:064304, 2015.
[88] A. Krasznahorkay et al. Excitation of Isovector Spin-Dipole Resonances and Neutron Skin of
Nuclei. Phys. Rev. Lett., 82:3216–3219, 1999.
[89] H. Sagawa, Satoshi Yoshida, Xian-Rong Zhou, K. Yako, and H. Sakai. Charge exchange spin-
dipole excitations of Zr-90 and Pb-208 and neutron matter equation of state. Phys. Rev.,
C76:024301, 2007.
[90] Pawel Danielewicz and Jenny Lee. Symmetry Energy from Systematic of Isobaric Analog States.
AIP Conf. Proc., 1423(1):29–34, 2012.
[91] Pawel Danielewicz and Jenny Lee. Symmetry Energy II: Isobaric Analog States. Nucl. Phys.,
A922:1–70, 2014.
[92] X. Roca-Maza, G. Col, and H. Sagawa. Nuclear Symmetry Energy and the Breaking of the Isospin
Symmetry: How Do They Reconcile with Each Other? Phys. Rev. Lett., 120(20):202501, 2018.
[93] B. Krusche and S. Schadmand. Study of nonstrange baryon resonances with meson
photoproduction. Prog. Part. Nucl. Phys., 51:399–485, 2003.
[94] R. A. Schrack, J. E. Leiss, and S. Penner. Neutral Meson Photoproduction from Complex Nuclei.
Phys. Rev., 127:1772–1783, 1962.
Neutron skins of atomic nuclei: per aspera ad astra 43
[95] B. Krusche, J. Ahrens, R. Beck, S. Kamalov, V. Metag, R. O. Owens, and H. Stroher. Coherent
pi0 photoproduction from atomic nuclei. Phys. Lett., B526:287–294, 2002.
[96] B. Krusche. Nuclear mass form-factors from coherent photoproduction of pi0 mesons. Eur. Phys.
J., A26:7–18, 2005.
[97] D. Drechsel, L. Tiator, S. S. Kamalov, and Shin Nan Yang. Medium effects in coherent pion
photoproduction and electroproduction on He-4 and C-12. Nucl. Phys., A660:423–438, 1999.
[98] C. M. Tarbert et al. Neutron skin of 208Pb from Coherent Pion Photoproduction. Phys. Rev.
Lett., 112(24):242502, 2014.
[99] Chew G.F, M.L. Goldberger, Low F.E., and Nambu Y. Relativistic Dispersion Relation Approach
to Photomeson Production. Phys. Rev., 106:1345, 1957.
[100] R. A. Eramzhian, M. Gmitro, S. S. Kamalov, and R. Mach. Nuclear pion photoproduction: a
theory and the O16(gamma, pi+)N16 (bound) example. J. Phys., G9:605–619, 1983.
[101] H. De Vries, C. W. De Jager, and C. De Vries. Nuclear charge and magnetization density
distribution parameters from elastic electron scattering. Atom. Data Nucl. Data Tabl., 36:495–
536, 1987.
[102] A. Gardestig, C. J. Horowitz, and Gerald A. Miller. Comment on ”Neutron Skin of 208Pb from
Coherent Pion Photoproduction”. arXiv, 1504.08347.
[103] Maria Isabel Ferretti Bondy. Neutron skin studies in heavy nuclei with coherent p0 photo-
production. PoS, Bormio2015:008, 2015.
[104] J. Piekarewicz. private communication, 2015.
[105] S. Terashima et al. Proton elastic scattering from tin isotopes at 295-MeV and systematic change
of neutron density distributions. Phys. Rev., C77:024317, 2008.
[106] L. S. Kisslinger. Scattering of Mesons by Light Nuclei. Phys. Rev., 98:761–765, 1955.
[107] Lindblom L. Determining the nuclear equation of state from neutron-star masses and radii.
Astrophys. J., 398:569, 1992.
[108] Demorest P. B. et al. A two-solar-mass neutron star measured using Shapiro delay. Nature,
467:1081, 2010.
[109] Antoniadis J. et al. A Massive Pulsar in a Compact Relativistic Binary. Science, 340:448, 2013.
[110] Taylor Binnington and Eric Poisson. Relativistic theory of tidal Love numbers. Phys. Rev.,
D80:084018, 2009.
[111] Tanja Hinderer, Benjamin D. Lackey, Ryan N. Lang, and Jocelyn S. Read. Tidal deformability of
neutron stars with realistic equations of state and their gravitational wave signatures in binary
inspiral. Phys. Rev., D81:123016, 2010.
[112] F. J. Fattoyev, J. Piekarewicz, and C. J. Horowitz. Neutron Skins and Neutron Stars in the
Multimessenger Era. Phys. Rev. Lett., 120(17):172702, 2018.
[113] B. P. Abbott et al. GW170817: Measurements of neutron star radii and equation of state. Phys.
Rev. Lett., 121(16):161101, 2018.
[114] J. Aasi et al. Advanced LIGO. Class. Quant. Grav., 32:074001, 2015.
[115] T. Accadia et al. Advanced Virgo: Technical Design Report, 2012.
[116] B. P. Abbott et al. Observation of Gravitational Waves from a Binary Black Hole Merger. Phys.
Rev. Lett., 116(6):061102, 2016.
[117] Benjamin P. Abbott et al. Prospects for Observing and Localizing Gravitational-Wave Transients
with Advanced LIGO, Advanced Virgo and KAGRA. Living Rev. Rel., 21:3, 2018. [Living
Rev. Rel.19,1(2016)].
[118] B. P. Abbott et al. Search for Post-merger Gravitational Waves from the Remnant of the Binary
Neutron Star Merger GW170817. Astrophys. J., 851(1):L16, 2017.
[119] Anna L. Watts et al. Colloquium : Measuring the neutron star equation of state using x-ray
timing. Rev. Mod. Phys., 88(2):021001, 2016.
[120] Ben Margalit and Brian D. Metzger. Constraining the Maximum Mass of Neutron Stars From
Multi-Messenger Observations of GW170817. Astrophys. J., 850(2):L19, 2017.
[121] K. Tsukada et al. First elastic electron scattering from 132Xe at the SCRIT facility. Phys. Rev.
Neutron skins of atomic nuclei: per aspera ad astra 44
Lett., 118(26):262501, 2017.
[122] A. Obertelli et al. Probing the density tail of radioactive nuclei with antiprotons. Letter of
Intend, CERN-SPSC-I-247, 2017.
[123] Wolter H. The High-Density Symmetry Energy in Heavy-Ion Collisions and Compact stars.
Universe 4, 72, 2018. doi:10.3390/universe4060072.
[124] Tsang M.B. et al. Pion production in rare-isotope collisions. Phys. Rev., C95:044614, 2017.
[125] Yong Gao-Chan. Blind spots of probing the high-density symmetry energy in heavy-ion collisions.
Phys. Lett., B786:422–425, 2018.
[126] Connecting Quarks with the Cosmos: Eleven Science Questions for the New Century. The
National Academies Press, Washington, 2003.
